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ABSTRACT

It is well established that supermassive black hole (SMBH) feedback is crucial for regulating the evolution of massive, if not all,
galaxies. However, modelling the interplay between SMBHs and their host galaxies is challenging due to the vast dynamic range.
Previous simulations have utilized simple subgrid models for SMBH accretion, while recent advancements track the properties of
the unresolved accretion disc, usually based on the thin «-disc model. However, this neglects accretion in the radiatively inefficient
regime, expected to occur through a thick disc for a significant portion of an SMBH’s lifetime. To address this, we present a
novel ‘unified’ accretion disc model for SMBHs, harnessing results from the analytical advection-dominated inflow—outflow
solution (ADIOS) model and state-of-the-art general relativistic (radiation-)magnetohydrodynamics (GR(R)MHD) simulations.
Going from low to high Eddington ratios, our model transitions from an ADIOS flow to a thin «-disc via a truncated disc,
incorporating self-consistently SMBH spin evolution due to Lense—Thirring precession. Utilizing the moving mesh code AREPO,
we perform simulations of single and binary SMBHs within gaseous discs to validate our model and assess its impact. The disc
state significantly affects observable luminosities, and we predict markedly different electromagnetic counterparts in SMBH
binaries. Crucially, the assumed disc model shapes SMBH spin magnitudes and orientations, parameters that gravitational wave
observatories like LISA and IPTA are poised to constrain. Our simulations emphasize the importance of accurately modelling
SMBH accretion discs and spin evolution, as they modulate the available accretion power, profoundly shaping the interaction
between SMBHs and their host galaxies.

Key words: accretion, accretion discs —black hole physics — gravitational waves —methods: numerical — quasars: supermassive
black holes —black hole mergers.

Recent tantalizing observations suggest that AGN feedback could

1 INTROD TI . .
N ODUCTION also play a role at the low-mass end of the galaxy population, with

Galaxy formation in the ACDM universe is a hierarchical process
whereby primordial density fluctuations collapse into dark matter
haloes with cosmic time and grow via inflows and mergers.The
gravitational pull of the dark matter leads the gas to collapse within
these haloes, where it can radiatively cool and form stars. To prevent
excessive star formation and reproduce the observed galaxy stellar
mass function, theoretical models need to include feedback processes
(see e.g. Somerville & Davé 2015; Vogelsberger et al. 2020, for
recent reviews). Supernova feedback is commonly invoked for the
regulation of the baryon cycle in low-mass galaxies, whilst the more
energetic active galactic nuclei (AGN) feedback from supermassive
black holes (SMBHs) is required to suppress star formation in
massive galaxies.

* E-mail: skoudmani@ast.cam.ac.uk

observational hints at AGN-driven outflows in nearby dwarfs (e.g.
Penny et al. 2018; Manzano-King, Canalizo & Sales 2019; Liu et al.
2020; Davis et al. 2022; Aravindan et al. 2023) as well as indications
of significant AGN activity from overmassive BHs in high-redshift
low-mass galaxies (e.g. Harikane et al. 2023; Maiolino et al. 2023,
2024; Ubler et al. 2024).

SMBHs are likely to reside in the centre of the majority of massive
galaxies (see e.g. review by Kormendy & Ho 2013) and intermediate-
mass black holes (IMBHs) may reside in the centres of the majority
of massive dwarfs (Greene, Strader & Ho 2020). As these galaxies
are expected to undergo several major mergers with similarly sized
galaxies over their cosmic lifetime, IMBHs and SMBHs also grow via
mergers in addition to gas accretion. The merging process of stellar-
mass BHs has been recently directly observed with the Advanced
LiGO and VIRGO detectors which have opened a gravitational wave
window on our Universe, even likely pushing into the IMBH regime
(Abbott et al. 2020). While these ground-based detectors are not
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sensitive to the range of gravitational waves emitted by merging
SMBHs, IPTA and LISA in future will be able to probe them. This
potential has been spectacularly demonstrated by the detection of a
signal consistent with a gravitational wave background from SMBH
mergers by members of IPTA (Verbiest et al. 2016; Agazie et al.
2024), NANOGrav (Agazie et al. 2023a), Parkes PTA (Reardon et al.
2023) and joint results from European and Indian PTAs (Antoniadis
et al. 2023) marking the onset of the multimessenger era for galaxy
formation.

SMBH feedback in galaxy formation is an inherently multiscale
process spanning 14 orders of magnitude from the event horizon
(~107%pc for Sgr Ax) to the cosmic web (~10% pc). This renders
an ab-initio treatment computationally infeasible and hence cosmo-
logical simulations have to resort to including SMBH physics via
so-called subgrid models (also see discussion in Curtis & Sijacki
2015). The modelling of the gas accretion onto the AGN is essential
for obtaining realistic AGN feedback as the luminosity is directly
tied to the accretion rate. What is more, accretion disc physics is
crucial for accurately modelling the SMBH spin evolution which
dictates the radiative efficiency and jet powers as well as influences
gravitational recoils.

Most cosmological simulations (e.g. Dubois et al. 2014; Schaye
etal. 2015; Sijacki et al. 2015; Pillepich et al. 2018) have adopted the
‘Bondi-Hoyle-Lyttleton” model (Hoyle & Lyttleton 1939; Bondi &
Hoyle 1944; Bondi 1952) for black hole (BH) accretion, which
allows us to infer SMBH growth rates based on the gas properties at
the Bondi radius (~5-5000 pc for SMBHs), significantly reducing
the resolution requirements. Though note that many cosmological
simulations do not even resolve the Bondi radius, especially for low-
mass SMBHs, though additional refinement in the central region can
circumvent these issues (e.g. Curtis & Sijacki 2016a). However, the
Bondi modelis very simplistic, assuming radial symmetry, neglecting
angular momentum transfer, and cannot be self-consistently used to
predict luminosities of quasars. Moreover, due to the strong depen-
dence of the Bondi accretion rate on SMBH mass, the Bondi model
makes it very difficult to grow light seeds or reproduce observations
of bright AGN in dwarfs (e.g. Koudmani, Henden & Sijacki 2021;
Haidar et al. 2022; Koudmani, Sijacki & Smith 2022), whilst likely
overestimating the gas accretion rate for elliptical galaxies and galaxy
clusters (e.g. Russell et al. 2015; Bambic et al. 2023; Guo et al.
2023). To address these limitations more advanced approaches have
emerged to model AGN accretion processes following two main
strategies.

In the first approach, the range of spatial or temporal scales is
reduced to make the problem computationally tractable. Recent
examples include the hydrodynamic simulations of an elliptical
galaxy by Guo et al. (2023), resolving SMBH accretion from galaxy
scales all the way down to scales similar to the black hole horizon,
and recent general relativistic magnetohydrodynamics (GRMHD)
simulations bridging the scales from the event horizon to the Bondi
radius and beyond (Lalakos et al. 2022; Cho et al. 2023). Bridging
from large scales inwards, the cosmological-zoom in simulation
of a high-redshift quasar by Hopkins et al. (2024a, b) follow the
gas flows from the cosmological environment to the scale of the
SMBH’s accretion disc (~10~* pc) for ~10* yr. While these attempts
can reach an impressive dynamical range, they are computationally
prohibitively expensive to allow for a study of a representative SMBH
population.

The second approach is to improve the physical realism of the
subgrid models. For example, extensions to the Bondi model have
been developed to take the gas angular momentum into account in
hydrodynamical simulations, e.g. Krumholz, McKee & Klein (2005),
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Rosas-Guevara et al. (2015), or Curtis & Sijacki (2016b). Further-
more, the torque-based accretion model infers the gas accretion rates
motivated by analytical calculations and numerical simulations of
angular momentum transport and gas inflow in galaxies, from scales
of ~ kpc to deep inside the potential of the central SMBH (Hopkins &
Quataert 2011; Anglés-Alcézar, Ozel & Davé 2013; Anglés-Alcdzar
et al. 2017), recently extended by Rennehan et al. (2023) to include
AGN feedback in different physical accretion regimes. However, the
torque-based model does not track small-scale angular momentum
flows which are crucial to model the SMBH spin evolution, which
modulates the radiative efficiency and jet power.

As a compromise between these two main approaches, the accre-
tion disc particle method has been introduced by Power, Nayakshin &
King (2011) and further developed by a range of groups (e.g. Dubois
et al. 2014; Fiacconi, Sijacki & Pringle 2018; Yuan et al. 2018;
Beckmann et al. 2019; Bustamante & Springel 2019; Cenci et al.
2021; Husko et al. 2022; Tarténas & Zubovas 2022; Bollati et al.
2023b; Massonneau et al. 2023; Husko et al. 2024), including self-
consistent evolution of the SMBH spin. The common approach
here is to significantly increase the resolution around the SMBH
to directly measure the mass and angular momentum flows onto the
accretion disc, typically requiring us to resolve scales of ~1072 pc
corresponding to the outer radius of the accretion disc. The accretion
disc and SMBH properties are then evolved in a subgrid fashion.
These models build on the rich body of work which has focused
on developing AGN accretion disc prescriptions for semi-analytical
models of galaxy formation (e.g. Volonteri et al. 2005; Berti &
Volonteri 2008; Lagos, Padilla & Cora 2009; Fanidakis et al. 2011;
Barausse 2012; Dotti et al. 2013; Volonteri et al. 2013; Sesana et al.
2014; Gaspari & Sadowski 2017; Lagos et al. 2024).

However, these accretion disc models mostly focus on the thin disc
case (the high-Eddington-ratio regime) for the steady state as this
regime can be described analytically with the Shakura-Sunyaev disc
model (Shakura & Sunyaev 1973), whilst there is no equivalent global
analytical disc model for the low-Eddington-ratio regime (though
see Fanidakis et al. 2011; Yuan et al. 2018). Recent cosmological
simulations projects have started incorporating thick discs into their
frameworks (e.g. Dubois et al. 2021; Husko et al. 2022, 2024),
however, these generally have to make some approximations based
on the Bondi rate as the mass and angular momentum flows onto the
disc are not directly resolved.

Observations of X-ray binaries and AGN indicate that at low
Eddington ratios (fggq < 0.01) accretion occurs via a different mode
than the standard thin disc, e.g. observations show hard X-ray spectra
instead of soft black body-like spectra and low radiative efficien-
cies. The ADAF (advection dominated accretion flow) solution has
been shown to have the properties required to provide a physical
description of the observations (e.g. Narayan & McClintock 2008).
Moreover, most X-ray binaries in the hard and quiescent state are
deduced to accrete via the so-called truncated discs with an outer thin
disc and an inner ADAF component (e.g. Yuan & Narayan 2014).
There is also some observational evidence that this phenomenon
could transfer over to AGN (e.g. Trump et al. 2011; Yu, Yuan & Ho
2011; Nemmen, Storchi-Bergmann & Eracleous 2014).

Theoretical arguments suggest that ADAFs should produce strong
winds and this outflow behaviour can be modelled with the general
advection-dominated inflow—outflow solution (ADIOS) for radia-
tively inefficient accretion flows (Blandford & Begelman 1999).

Building on these observations and theoretical frame-
works, as well as results from general relativistic (radiation-
)magnetohydrodynamics (GR(R)MHD) simulations, we have devel-
oped a unified accretion disc subgrid model that proceeds via the thin
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disc model from Fiacconi et al. (2018) at high Eddington ratios and
via the ADIOS flow model at low Eddington ratios. For intermediate
Eddington ratios, we smoothly model the transition between these
two modes via a truncated disc. A unified model for accretion through
a truncated thin disc and inner ADIOS flow does not currently exist
for cosmological simulations, so our new method is an important
advancement for modelling accretion onto AGN in general.

In this paper, we present the numerical method and implemen-
tation as well as a suite of validation simulations, including single
SMBHs and SMBH binaries in gaseous discs. The latter crucially
demonstrates the scientific relevance of our model as electromagnetic
counterpart and spin evolution predictions are hugely sensitive to
the disc state. Due to significant observational challenges there are
currently only a handful of confirmed binary detections (Rodriguez
et al. 2006; Bansal et al. 2017; Kharb, Lal & Merritt 2017). High-
resolution simulations of SMBH binaries (Dittmann & Ryan 2022;
Franchini, Lupi & Sesana 2022; Bollati et al. 2023a; Bourne et al.
2023; Siwek et al. 2023a; Siwek, Weinberger & Hernquist 2023b;
Dittmann & Ryan 2024) are crucial as next-generation facilities
are set to significantly extend these samples with dedicated surveys
across the electromagnetic spectrum (D’Orazio & Charisi 2023).

The remainder of this paper is structured as follows. Section 2
presents the theoretical background as well as the main equa-
tions governing the unified accretion disc model. The simulation
suite is presented in Section 3 and the results, with a special focus
on a comparison between the thin disc model and unified disc model
predictions, are presented in Section 4. We discuss the observational
implications and possible extensions of our model in Section 5 and
conclude in Section 6.

2 METHODOLOGY

In this Section, we provide the theoretical background as well as
derivations of the relevant equations for our unified accretion disc
model. Readers who would just like to have an overview of the
methods without delving into the fine details are advised to just read
Sections 2.1 and 2.6, in conjunction with Fig. 1 and Table 1.

2.1 Numerical implementation overview

Our unified accretion disc model evolves the SMBH mass, M,, and
angular momentum, J,, as well as the accretion disc mass, My, and
angular momentum, Jg, in a subgrid fashion, where the SMBH and
its accretion disc are modelled as a composite SMBH-accretion
disc particle (see Fig. 1, upper panel). This builds on previous
accretion disc based SMBH growth models in galaxy formation
(e.g. Power et al. 2011; Dubois et al. 2014; Fiacconi et al. 2018;
Bustamante & Springel 2019; Cenci et al. 2021; Tarténas & Zubovas
2022). In the majority of these cases, the thin ¢-disc model is used
to evolve the SMBH and accretion disc properties where the disc is
assumed to be in local thermal equilibrium, and can radiate its heat
efficiently (Shakura & Sunyaev 1973). The kinematic viscosity v is
parametrized as v = ac,H, where « is a dimension-less parameter
representing the efficiency of viscous transport, ¢ is the sound speed,
and H is the scale height. As the thin «-disc offers a global, steady-
state analytical solution and allows for the self-consistent calculation
of rest-mass-energy and angular momentum transfer at the innermost
stable circular orbit (ISCO), it is the commonly chosen for subgrid
accretion disc prescriptions.

However, the thin o-disc model makes several simplifying as-
sumptions about the nature of the accretion flow — in particular, it is
only valid in the radiatively efficient regime. Atlow Eddington ratios,
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in the radiatively inefficient regime, the accretion flow is expected to
transition to a geometrically thick disc following the ADAF solution.
Narayan & Yi (1995) noted that ADAFs will likely be associated
with strong winds and Blandford & Begelman (1999) derived a
family of self-similar solutions, advection-dominated inflow—outflow
solutions ‘ADIOS’, with a wide range of outflow efficiencies.
Analytical models on their own cannot predict the wind loss in
the advection-dominated regime and hence the wind parameters
have to be informed by numerical simulations. In this work, we
aim to extend the thin a-disc model implementation presented in
Fiacconi et al. (2018) to the radiatively inefficient regime based
on the analytical ADIOS model and results from high-resolution
GR(R)MHD simulations, with the transition between the two disc
states modelled as a truncated accretion disc.

With our unified accretion disc model, the gas mass and angular
momentum inflows at the scale of the outer accretion disc are
directly measured from the hydro solver and added appropriately
to the subgrid accretion disc. The properties of the SMBH and its
surrounding accretion disc are then evolved by the subgrid model
(see Fig. 1).

First, we summarize the relevant equations for the mass and spin
evolution of the accretion disc particle system. The SMBH mass, M,,
evolves as:

dm,
dr

where Mgy o is the rest mass flux onto the SMBH and 7 is the
radiative efficiency. The disc mass, My, evolution is described by:
Wa _ yryu 2

dr + Mo @
where M is the steady state rest mass flux through the disc and M;,
is the gas mass inflow onto the disc (see Section 2.2.3 for details
on how this quantity is calculated by the hydro solver). Note that if
there is no mass-loss via a jet or a wind then M= MBH,O. Here we
distinguish between these two quantities because we model mass-
loss through a wind in the radiatively inefficient regime, following
the ADIOS model.

The angular momentum of the SMBH, J,, evolves both due to

accretion and due to Lense—Thirring precession (if misaligned from
the disc angular momentum vector J4):

aJ.
dr LT ’ )

where Ly, is the (spin-dependent) specific angular momentum at
the inner boundary of the accretion flow andj, and j, are the angular
momentum unit vectors (versors). The angular momentum of the
disc then evolves as:

de . . . . . d-’o
“ar = —M Linner S1Z0(J 4 - Ja) Jo — dr

= (1 — nMzn,o, (D

dJ'
dt

= MBH,OLinner Sign(j. . Jd) j. +

+ Jin» “
LT

where Ji, is the gas angular momentum flow onto the disc, see
Section 2.2.3 for a more detailed definition.

Here we assume that the outflows are occurring in the innermost
region so that the winds carry away the specific angular momentum
associated with the inner boundary of the accretion flow, which
represents a lower limit for the angular momentum loss. Furthermore,
we note that in the truncated disc state, there would be an additional
torque between the inner ADIOS flow and outer thin disc. Fully ac-
counting for this effect is beyond the scope of this work, however, we
include the impact of the outer thin disc on the precession frequency
of the inner flow following Bollimpalli, Fragile & Kluzniak (2023)
(see Section 2.5.2 for details).
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Figure 1. Overview of the unified accretion disc model. The top panel illustrates how the subgrid model is connected to the simulation via the boundary
conditions at the outer edge of the accretion disc. The resolution in the region around the central SMBH (purple-shaded) is increased down to the scale of the
accretion disc (turquoise-shaded), where the inflow rates are measured from the hydro solver and added to the SMBH-accretion disc particle, which represents
the properties (mass and angular momentum) of both the SMBH and the disc. With our unified accretion disc particle method we track both the radiatively
efficient regime (thin disc) and radiatively inefficient regime (thick disc), as illustrated in the lower panel. The inflows from the hydro solver at the outer edge
of the disc are evolved via our unified model based on the latest high-resolution GR(R)MHD simulations, allowing us to track the mass and spin evolution
of the SMBH. As the Eddington ratio increases we smoothly transition from an advection-dominated ADIOS flow (optically thin, geometrically thick) to a
Shakura-Sunyaev thin «-disc via a truncated disc configuration with an inner ADIOS flow and outer thin disc. Crucially, in a galaxy formation context, this
model can be used to inject wind and jet feedback based on the properties of the accretion flow.
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Table 1. Overview of the unified accretion disc model. We list the relevant equations for evolving the different disc states shown in the schematic Fig.
1: thin disc (top row), truncated disc (middle row), and ADIOS flow (bottom row). See Section 2.1 for an overview of the general equations governing

the disc and SMBH evolution.

Disc state Relevant equations and quantities
Thin n = nthp(a) [Bardeen, Press & Teukolsky 1972]
Disc
. . . 5 —47/7 —25/7 .
M, o Ja/Je
M = Mpno = Mmp =076 (4=) " () (“4%) 7 Mk
[assuming no outflows, Fiacconi et al. 2018]
Linner = Lisco, Thp(a) [Bardeen et al. 1972]
ar | _ I { Bl SR G x Gl v < r
4 Jrr [instantaneous alignment, King et al. 2005] if r'warp > D
[Martin, Pringle & Tout 2007; Perego et al. 2009; Dotti et al. 2013; Fiacconi et al. 2018]
Truncated n = napios (feda) [Xie & Yuan 2012; Ryan et al. 2017; Inayoshi et al. 2019]
Disc
M = M(ry)
M) = Mrhp [Fiacconi et al. 2018] if rye/rThp < 1072
)= Mthp/Tvisc [Pringle 1981; Fiacconi et al. 2018]  if ry/rrpp > 1072
Mo = (1 — n1p)M(r) (’rTH)A [Blandford & Begelman 1999]
Linner = Lapios [Tchekhovskoy, McKinney & Narayan 2012; Lowell et al. 2024]
. _ [as thinjdisc case, Fiacconi et al. 2018] if ree < Fwarp
T e {200 [ x ] = 2 [ x G x jd)]} i Fie > Farp
[Ingram & Motta 2019]
ADIOS 1 = napios(fedd) [Xie & Yuan 2012; Ryan et al. 2017; Inayoshi et al. 2019]
Flow

M=_—Mi__ [Narayan & Yi 1995; Esin, McClintock & Narayan 1997]

Tvisc, ADIOS

Mpgy,0 =

Tvisc,ADIOS \ "ADIOS

My ( fH )S[Blandford&Begelman1999]

Linner = Lapios [Tchekhovskoy et al. 2012; Lowell et al. 2024]

dJe
dr

LT

tace

= {—’d%?mwp,ec (o da] = 2= [ju % (ju jd)}} [Ingram & Motta 2019]

With the equations above, the evolution of the SMBH-disc particle
system can be fully specified given 1, Mpg.0, M, Ligger and deI' i

For the thin disc model, all of these quantities can be obtained
from global analytical models (see Fiacconi et al. 2018, for details),
however, for the ADAF model only self-similar analytical solutions
exist which are not valid at the inner or outer flow boundaries due to
their scale-free nature. In particular n and Ly, cannot be calculated
analytically in the ADAF regime. Instead the disc equations have
to be evaluated numerically or, alternatively, these characteristic
quantities can be extracted from GR(R)MHD simulations.

The remainder of the methodology section is structured as follows.
First, we provide details on the numerical implementation, including
parameter selection and the connection between the subgrid model
and the hydrodynamical simulation, in Section 2.2. Subsequently, we
outline the process by which the disc state is determined within our
subgrid model in Section 2.3. We then elaborate on our analytical
modelling and use of the latest GR(R)MHD simulations to track
mass and angular momentum transfer for the ADAF and truncated
disc states, respectively, which are detailed in Sections 2.4 and 2.5.

MNRAS 532, 60-88 (2024)

Finally, we present a summary of our unified accretion disc model
in Section 2.6.

2.2 Numerical implementation details

2.2.1 Conventions

In this paper, we adopt the convention whereby lower case r is a
radius expressed in units of the Schwarzschild radius Ry = ZC;Q”',
where G is Newton’s gravitational constant, M, is the SMBH mass,

and c is the speed of light.

2.2.2 Accretion disc parameters and calibrations

It is now widely accepted that angular momentum transport in
ionized accretion flows occurs via the magnetorotational instability
(Balbus 1991; Balbus & Hawley 1998). MHD simulations (e.g.
McKinney, Tchekhovskoy & Blandford 2012; Tchekhovskoy et al.
2012; Sadowski etal. 2013; Ryan et al. 2017; Liska et al. 2018) model
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this self-consistently but for our hydro-only simulations we need to
employ an «-like prescription for the viscous stress. For a fully
ionized accretion disc, we would expect relatively high viscosities
(e.g. Martin et al. 2019). Here we need to work with an effective
viscosity prescription and we set « to the canonical value of o = 0.1
for the thin disc state.

In the thick disc regime, the disc scale height obeys H/R > «. As
the disc is unresolved in our simulations, we fix this to a value which
matches the high-resolution simulations that we use as inputs for our
subgrid model, setting H/R = 0.3 (see Tchekhovskoy et al. 2012).
We then calibrate « as a constrained parameter to ensure a smooth
transition between the truncated and pure ADAF/ADIOS regime (see
Section 2.4.1).

In the thin disc regime, we have H/R < o and we use the truncated
scale height as a constrained parameter to calibrate the viscous time-
scale of the disc to the time-scales obtained from the accretion model
by Fiacconi et al. (2018), see also Section 2.4.2.

2.2.3 Inflow quantities

The resolved inflow quantities are calculated in analogy to Fiacconi
et al. (2018). These fluxes are obtained from the hydro solver and
connect our subgrid model with the hydrodynamical simulation. In
brief, the inflow radius, ry,, is defined as the kernel-weighted average
size of the gas cell neighbours of the SMBH within the smoothing
length. The mass inflow rate, M, is defined as the mass flux on to the
SMBH particle, which is calculated via a kernel-weighted average
of the mass flux provided by the neighbours within the smoothing
length. Similarly Li, is the kernel-weighted average specific angular
momentum. Following Bourne et al. (2023), we modify the inflow
calculation for the angular momentum as this approach tends to
overestimate the magnitude of L;,. Instead, we only take the direction
of L;, and set the magnitude of the inflow specific angular momentum
to the specific angular momentum of the subgrid accretion disc. In
practice, we typically find reasonable agreement between the specific
angular momentum of the subgrid disc and the specific angular
momentum of gas on the scale of the subgrid disc.

For a given time-step,! At, the disc mass My, and disc angular
momentum J4 then get updated as:

My — My + MinAl, (5)

Ja— Ja+ My,Li,At . (6)

2.3 Disc mode

There are three disc modes: the thin disc (ThD), truncated disc (TrD)
consisting of an inner ADIOS flow and outer thin disc, and a pure
ADIOS flow.

Initially, one has to make an educated guess with regards to which
state the system should be in. To make this guess effectively, we
calculate an auxiliary Eddington fraction, fgqd. aux, at the beginning
of every time-step, based on the expected Eddington fraction if the
system were in the thin disc state? which is derived in Fiacconi et al.

'Note that, to ensure that we temporally resolve the physical time-scales
introduced by our model, we introduce a time-step limiter so that the
maximum time-step corresponds to at most ten percent of the accretion
and/or spin alignment time-scale, following Fiacconi et al. (2018).

2Indeed, the advantage of the steady-state thin a-disc solution is that it allows
for the unique determination of the mass flow rate through the disc given
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(2018) following the thin «-disc model from Shakura & Sunyaev
(1973).

M
Mgaa’

@)

SEdd,aux = fEdd, THD =

with

M, 5 M. =41 s, A -25/7
=0.76 —_— 8
SEdd, ThD (104 M@> (106 M@) 3 (8)

and the Eddington rate defined as

. 47 GMgym
Mpgg = ————2 2 )
NrefOTC

where m, is the proton mass, n.r = 0.1 is the reference radiative
efficiency, o7 is the Thomson cross-section, and c is the speed of
light. We then use fraq aux to calculate the characteristic radii of
the disc system and set the disc state accordingly. To determine the
accretion mode of the disc system, we compare the radius of the
thin disc innermost stable circular orbit (ISCO), rsco, the truncation
radius, ry, and the outer thin disc radius, rmp.

At intermediate Eddington ratios, the outer thin disc is expected
to be truncated at a characteristic radius 7y, transitioning into a hot
accretion flow. The physical reason for this transition is not fully
understood and there are several possible mechanisms such as the
disc evaporation model, the turbulent diffusion model, and the large
viscosity model — all of which predict that the truncation radius r
should decrease as fiqq increases in agreement with observations of
black hole binaries and low-luminosity AGN (see Yuan & Narayan
2014, and references therein). Also see Liu & Taam (2009) for a
discussion on the application of disc evaporation models to AGN
and Cho & Narayan (2022) for a generalized disc evaporation and
transition model applicable to both X-ray binaries and AGN.

First, we estimate the radius that the thin disc would have in the
absence of disc truncation using the expression from Fiacconi et al.
(2018):

M\ 16/25 M, —4/25

rmp =40 ( == (i) Ty - (10)
Mg 0.1 10° Mg ’

and following Yuan et al. (2018), we estimate the truncation radius

as:

2% 1072\ 7
=322 . (11)

f Edd,aux

This expression is based on disc truncation by diffusion where the
energy from the interior of the disc heats the gas above the virial
temperature forming an inner hot flow and truncating the outer thin
disc (see Honma 1996).

However, note that alternative truncation mechanisms give the
same qualitative behaviour. In the case of the disc evaporation
model, the specific evaporation rate generally decreases as a function
of radius. Hence, as the Eddington ratio decreases, the truncation
radius (where evaporation and gas inflow are balanced) increases.
For magnetically truncated discs, we would expect similarly for the
truncation radius to increase as the Eddington fraction decreases
(whilst higher magnetic flux at a fixed Eddington fraction may
increase the truncation radius, however, this is beyond the scope of

the four state variables — BH and disc mass as well as BH and disc angular
momentum. Hence, once these variables are initialized, one can evolve the
system by measuring the mass and angular momentum inflow rates onto the
disc.
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Figure 2. Characteristic disc radii as a function of Eddington fraction. The
self-gravity radius (rsg, light-blue-shaded region), outer thin disc radius (rtnp,
dark-blue-shaded region) and warp radius (rwarp, purple-shaded region) are
calculated for SMBH mass M, = 10° Mg and disc mass My = 103 Mo,
applicable to the simulations presented in Sections 3 and 4. We also plot the
truncation radius (r¢, light-blue dashed line) and ISCO (rsco, green-shaded
region). The shaded regions indicate the parameter space covered by the
possible SMBH spin values. For comparison, we also indicate the resolution
limit of the simulations presented in this paper as a solid grey line and the
Bondi radius rpongi as a dotted grey line.

this work, see Liska et al. 2022, for details). More holistically, global
radiation MHD simulations around SMBHs have demonstrated the
link between optical depth trends and disc truncation, where the
optical depth increases with larger radii and higher Eddington ratios.
Hence the truncation radius, the radius where the optical depth falls
below one, decreases as the Eddington ratio increases (see Jiang et al.
2019).
Finally, risco is given by

A(a)

R
where A(a) is a function of the SMBH spin a (see e.g. equation B2
in Fiacconi et al. 2018, for an expression for A(a)). A(a) is largest
for retrograde spinning BHs (orbiting against SMBH spin), whilst
highly spinning prograde BHs have the smallest ISCO.

These characteristic disc radii are shown as a function of Eddington
fraction in Fig. 2. For reference, we also show the warp radius
(crucial for determining the Lense—Thirring precession regime, see
Section 2.5.2), the self-gravity radius beyond which the disc could
fragment3 (see Fiacconi et al. 2018, for details), and the Bondi radius,
as well as the typical resolution scale for the simulations presented
in this work.

The ratio between the ISCO, truncation radius, and thin disc radius,
then determines our disc state at each time-step, with the thin disc at
high Eddington ratios, the truncated disc emerging at intermediate
Eddington ratios and the pure ADIOS flow at low Eddington ratios
(see Fig. 1 for an illustration of the three main disc states):

12)

risco =

3Note that our model does not yet include the regime where the self-gravity
of the disc becomes significant. This is left for future work. Instead, following
Fiacconi et al. (2018), we restrict the mass inflows onto the subgrid accretion
disc such that it does not grow beyond the self-gravity radius of the «-disc
in the thin and truncated regimes. In the pure ADIOS regime, we restrict the
disc mass to My < %M. (see e.g. King, Pringle & Hofmann 2008; Fanidakis
etal. 2011).
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(1) Thin disc: If ry < risco, the ADIOS flow component is within
the ISCO of the thin disc, so we proceed with the standard thin
disc model from Fiacconi et al. (2018) if the Eddington fraction is
sufficiently high.

(i) Truncated disc: If risco < ry < rrpp and /GM Ry < Jq/ My,
we evolve the disc system as a truncated disc.

(iii) ADIOS flow: If ry > rmp (i-e. the size of the ADIOS flow
is larger than the size of the thin disc) or the gas does not have
sufficient angular momentum to circularize at the truncation radius
(WGM, Ry > Jg/M,), then we proceed with the pure ADIOS flow
model. In this case, the size of the flow, rapios, may increase to larger
sizes than the typical inflow scale, the Bondi radius. To avoid this
complication, we limit the size of the ADIOS flow to rgongi, Which
also ensures that we do not expand the flow beyond the so-called
‘strong ADAF radius’, which provides a theoretical upper limit 7,
beyond which the ADAF solution becomes invalid (see Narayan &
Yi 1995).

Having developed a mechanism for determining the state of the
accretion disc system, we are now ready to calculate the mass transfer,
luminosity, and angular momentum transfer for each of the accretion
disc configurations. For the thin disc case, we simply follow the
equations from Fiacconi et al. (2018) to calculate the mass and spin
evolution as well as SMBH luminosities. In Sections 2.4 and 2.5,
we outline the equations governing the mass transfer and angular
momentum transfer if we have a pure ADIOS flow or a truncated
disc with an inner ADIOS flow.

2.4 Mass transfer

In the ADIOS model (Blandford & Begelman 1999) the accretion rate
depends on the radius due to the wind loss. Therefore the definition
of the Eddington fraction becomes more subtle as this will also
change with radius. Here we follow Xie & Yuan (2012) and define
the Eddington fraction of the ADIOS flows with respect to the mass

. . —q2 .
accretion rate at the (outer) event horizon, ry(a) = %, which

represents the rest mass flux onto the SMBH, MBH,O- The Eddington
fraction is then given by:

Mpy,0

Sedd = fEdd,ADIOS = — ) (13)
MEaq

Once the state of the disc has been decided, we can then drop fiqd, aux
and use the actual Eddington fraction of the ADIOS flow to estimate
the radiative efficiency, napios- We model the radiative efficiency
napios, Which is dependent on the ADIOS Eddington fraction fg4q,
using the analytical fitting function obtained by numerically solving
the dynamical equations of a two-temperature plasma from Xie &
Yuan (2012) corrected by the GR-R-MHD simulation results from
Ryan et al. (2017) as compiled in Inayoshi et al. (2019):

log nApIOS
—1.0 = (0.0162/ figga)*for 0.023 < fzaq.
= for 107 < fiaq < 0.023, (14)
for 1078 < fggq < 1074,

>-n an(log fedd)"
225 bu(log fraa)"

The fitted values are ag = —0.807, a; = 0.27,a, =0 (n > 2), by =
—1.749, b, = —0.267, b, = —0.07492, and b, = 0 (n > 3), see
Inayoshi et al. (2019) for details.

Note that the radiative efficiency will likely also depend on the
magnetic field threading the disc (see Liska et al. 2024), however,
capturing these effects is beyond the scope of this work. In the future,
we also plan to explore different radiative efficiency prescriptions
based on the weak magnetic field ‘SANE’ state and saturated
magnetic field ‘MAD’ state.
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Using the radiative efficiency, we can then calculate the luminosity
of the ADIOS flow as

EADIOS = ﬂADIOS(fEdd)MBH,002 , (15)

and the SMBH growth rate as:
M. =1- UADIOS)MBH,O- (16)

The rest mass flux onto the SMBH, MBH,o, will depend on the disc
model. In particular, we obtain different rest mass fluxes for the inner
ADIOS flow of the truncated disc model and the ‘pure’ ADIOS state.
This is mainly due to different accretion rates at the outer edge of
the ADIOS flow (in the truncated disc case this is set by the feeding
rate at the inner edge of the thin disc component) and different wind
mass-losses (in the truncated disc case these tend to be lower due to
the smaller size of the ADIOS flow). In Sections 2.4.1 and 2.4.2, we
outline how MBH'O is calculated for the pure ADIOS flow model and
the truncated disc model, respectively. Note that in this paper, we
include the possibility of wind loss according to the ADIOS model,
however, we do not inject this wind mass.* This makes the set-up
well-defined and allows us to better isolate the effect of the different
disc states as live wind injection will complicate the thermodynamics.
Coupling our unified accretion model with wind and jet feedback is
beyond the scope of this paper and will be addressed in future work.

2.4.1 Pure ADIOS flow model

To estimate the mass accretion rate through the pure ADIOS flow, we
need to estimate the viscous time-scale in the advection-dominated
regime, integrating the inverse of the radial velocity from the inner
to the outer edge of the ADIOS flow. As we limit the size of the
accretion flow to the Bondi radius rgg,g;, We obtain rapjos as:

rapios = Min(ry, IBondi) - (17)
We then estimate the mass flow rate at rapjos as:

M(rapios) = Ma/Tyise, ADIOS » (18)

where Tyisc, apios 18 the viscous time-scale of the ADIOS flow. Since
the disc mass My is updated as My — Mgy + M, At, this mass
accretion rate at rapjos is simply the inflow rate rescaled by the
viscous time-scale and corrected for disc draining.

The viscous time-scale may be estimated from the radial velocity
of the ADIOS flow v, apios as:

rH RS

Tyisc, ADIOS = —dr. (19)
rapios Vr,ADIOS

We use the radial velocity formula from Narayan & Yi (1995) in

the set-ups with and without wind loss, since v, is not (strongly)

dependent on density and therefore not very sensitive to the wind

(Yuan, Bu & Wu 2012), to obtain:

M. 0.25 Y'ADIOS 3/2
visc =0.0196 , 20
Tyise, ADIOS ( 0 M@) (OlADIos ) ( 0 ) s (20

where o apjos is the viscosity parameter for the ADIOS flow. Note
that there are significant uncertainties in the value of this parameter
(see e.g. McKinney et al. 2012), which depends on the accumulated
magnetic flux, disc thickness, and SMBH spin. Therefore, we
calibrate this value to achieve a smooth transition in accretion rates

4This means that mass is not strictly conserved within the accretion-only
ADIOS subgrid model as the wind mass is being drained from the subgrid
disc but not being re-injected into the simulation domain.
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between the truncated disc regime and the pure ADIOS regime,
choosing o spios such that the mass flow rate through the pure ADIOS
flow for ry — rmp tends to the mass flow rate through the outer thin
disc for the same limit (see Section 2.4.2). Following Blandford &
Begelman (1999), we can then use the accretion rate at rapios to
calculate the mass accretion rate at the event horizon (ry):

. . r'n $ M d g s
Mzu,0 = M(rapios) = ., @D
TADIOS Tvisc,ADIOS \ "ADIOS

where s characterizes the importance of the outflow. This parameter
cannot exceed s = 1 for energetic reasons and s = 0 corresponds to no
outflow. For our ADIOS-model-based simulations, we set s = 0.4 for
consistency with Xie & Yuan (2012) who assume this value in their
numerical determination of the radiative efficiency of the outflow.
We also run a reference simulation without wind loss setting s = 0.0.

2.4.2 Truncated disc model

In the truncated disc state, the inner hot flow is being fed by the outer
thin disc, which limits the SMBH mass growth rate. The variability of
the inner hot flow could, in principle, differ from the outer thin disc.
Thick discs tend to exhibit higher variability (e.g. Lalakos et al. 2024;
Liska et al. 2024), which may be explained by a variable o parameter
(e.g. Turner & Reynolds 2023), and have shorter viscous time-scales.
In our model, we set the mass flow rate through the inner hot flow
(modulo wind mass-loss) equal to the feeding rate from the outer
thin disc, for simplicity. This will not affect the overall SMBH mass
growth rate but may impact electromagnetic counterpart predictions
and we discuss this in more detail in Section 4.2.

The derivation of the thin disc mass accretion rate in Fiacconi
et al. (2018) relies on the inner disc radius being much smaller than
the outer disc radius. This is generally true when the inner radius
is at the ISCO, however, this assumption may no longer be valid
for the truncated disc model when the truncation radius can reach a
significant fraction of the thin disc radius. For this reason, we only
use the formula for M,p from Fiacconi et al. (2018) if ry/rmp <
1072, In this case, the thin disc accretion rate is given by:

M(ry) = feaa o X Medd - (22)

If ro/rrp > 1072, we estimate the thin disc accretion rate via the

viscous time-scale Tyj:

Mry) = 210 23)

visc

Here we evaluate the viscous time-scale based on the radial velocity
for the thin «-disc (also see Pringle 1981)

3 v 3acsH

2R 2 R
where v = acH is the kinematic viscosity. Integrating this expression
between the truncation radius and the outer thin disc radius yields:

M, 1\ /H\?
Tyse = 1.39 x 1073 | —— 01N (H
10 Mg, o R

x (i —1%)s. (25)

, (24)

Ur, ThD =

The thin disc mass Mp, adjusted for the truncation radius, is given
by (Fiacconi et al. 2018):

7 5/4
MTthMd<l—< d > ) . (26)
FThD
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Figure 3. Eddington fractions in the unified accretion disc model as a
function of Eddington fraction assuming the thin-disc-only model from
Fiacconi et al. (2018) for a SMBH of mass M, = 10° Mg. The thin disc
regime is plotted as the blue line, whilst the truncated disc regime is plotted
as the red (no wind loss) and orange (with wind loss) lines. The pure ADIOS
flow regime is indicated by the dark purple (no wind loss) and pink lines (with
wind loss). To guide the eye, the grey-dashed line indicates the Eddington
fraction if we extended the thin disc only model from Fiacconi et al. (2018) to
low Eddington ratios. In the truncated disc regime, the accretion rate without
wind loss follows the thin disc prediction as the outer thin disc sets the feeding
rate of the inner hot flow (though there may be variability that is not captured
by our model). Note the change in the slope at fgqd, Thp < 1075 in the pure
ADIOS regime occurs as the size of the thick disc becomes limited by the
Bondi radius.

The derivation of the (unresolved) scale height for the thin disc
model is significantly modified in the presence of an inner hot flow
(e.g. Rézariska et al. 1999) and will likely not apply for the heavily
truncated discs where we employ the viscous time-scale formula —
therefore we treat H/R as a free parameter in this regime (though we
enforce H/R < o). We then calibrate the scale height such that %

s

matches Mrip for ry = 0.017mp.

To calculate the feeding rate at the truncation radius, the radiative
losses in the thin disc need to be estimated. Note that for the ‘pure’
thin disc model the radiative efficiency is given by:

| 1
=1—4/l - —, 27
nthp(@) 3rsco(@) 27

as risco defines an effective surface for the maximum feasible energy
extraction from infalling particles. In the thin disc case, we can only
extract energy from the thin disc component down to ry, so the
expression for np then becomes:

/ 1
nmp =1 — ]_37- (28)
tr

The ADIOS flow feeding rate at the truncation radius is therefore
set by the thin disc mass accretion rate M,p and the radiative
efficiency nrp. In analogy to the previous section, we can then use
this feeding rate to estimate the accretion rate at the event horizon
(ADIOS model):

N
Mo = M(r)(1 — 11,p) (r—H) : 29)
tr

where we assume s = 0.4 for the simulations with wind loss and set
s = 0.0 for the comparison simulations without wind loss.

Fig. 3 shows the Eddington fraction of the unified accretion disc
model fr4q as a function of the Eddington fraction in the thin disc
model fgaq, hp for M, = 100 Mg. The dark purple and pink lines
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correspond to the pure ADIOS flow model without and with wind
loss, respectively. The steeper slope in this regime is introduced by
the dependence of the truncation radius on the thin disc Eddington
fraction to the second power, which leads to a rapid increase in
the viscous time-scale as fraq, Thp decreases. The gradient shifts
at feqd, Thp S 1073, where the ADIOS radius becomes limited by
the Bondi radius. The red and orange lines show the truncated
disc Eddington fractions without and with wind loss, respectively.
Without wind loss, this closely corresponds to the thin disc rate
(indicated by the grey dashed line) as the inner hot flow rate is set
by the outer feeding rate. Note the slight gradient change at fgqd, Thp
< 1073 as the thin disc accretion rate prescription switches to being
estimated by the viscous time-scale. Finally, for fzqd, Thp = 1072, the
system switches to the pure thin disc state (blue line).

2.5 Angular momentum transfer

In this Section, we describe how to model the angular momentum
transfer for each disc state both due to accretion (see Section 2.5.1)
and due to Lense—Thirring precession (see Section 2.5.2). Note that,
as for the mass transfer, if we are in the thin disc regime, we evolve
the angular momenta of the disc and the SMBH according to the
equations from Fiacconi et al. (2018). Below we outline our scheme
for the pure ADIOS flow and truncated disc cases.

2.5.1 Accretion

For both the pure ADIOS flow and the truncated disc model with
an inner ADIOS flow, we model the evolution of the SMBH angular
momentum, J,, due to accretion as:

dJ.

ar = Mgn,oLapios sign(j, - ja) J. . (30)

acc

where j, and j, are the angular momentum unit vectors (‘versors’)
of the SMBH and the disc, respectively, and Lapjos is the specific
angular momentum of the ADIOS flow. The latter is evaluated at
the event horizon because for thick discs the stress is non-zero
down to the horizon (see e.g. Sadowski et al. 2016). To evaluate
this expression, we need to know the value of Lapios, which we
would expect to be below the thin disc value due to additional (gas
and magnetic) pressure support. We obtain Lapjos from the analysis
by Lowell et al. (2024) where they estimate the contributions to the
spin-up function from both electromagnetic (jet) and hydrodynamic
(disc) components using the GRMHD simulations of an ADIOS
flow in the MAD state by Tchekhovskoy et al. (2012). They find that
there is no significant dependence of the specific angular momentum
Lapios on the spin parameter and obtain an approximately constant
value Lapios ~ 0.86 in geometrical units for the radiatively inefficient
regime.

2.5.2 Lense—Thirring precession

Next, we focus on the angular momentum transfer between the
SMBH and the disc due to the Lense—Thirring effect (Lense &
Thirring 1918). Lense—Thirring precession is a frame-dragging effect
which manifests itself as nodal precession of orbits whose angular
momentum is misaligned with the SMBH spin. In the weak-field
limit, the precession frequency, wyr, is given by (Lense & Thirring
1918):
c 2a

wiT X —

—. 31
R, 2r3 G
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Accretion discs are warped by the differential nature of the Lense—
Thirring precession frequency. How these warps propagate depends
on the type of accretion disc.

In the diffusive regime (@« > H/R, thin disc case), the warps are
communicated by viscosity resulting into the so-called Bardeen-
Petterson configuration (Bardeen & Petterson 1975), where the disc
is aligned with the SMBH equatorial plane at small radii (r < ryarp)
and retains its initial tilt at large radii (+ > ryarp) With a smooth warp
in between at ry,, Which is given by (see Fiacconi et al. 2018, for
derivation):

B a N\ 24/35 M, 4/35 /35
Fap = 476577 (ﬁ) (106 M@) i 0D

where & is a parameter (1) which is related to the ratio of the radial
viscosity v; and vertical viscosity v, as v;/v, = £/(2a?) and can
be determined numerically (Papaloizou & Pringle 1983; Lodato &
Pringle 2007).

In the wave-like regime (¢ < H/R, ADIOS case), warps are
communicated by pressure waves. These so-called bending waves
result in a smooth warp far from the SMBH, whilst radial tilt
oscillations are obtained close to the BH, as the wavelength of these
pressure waves is a strong function of radius (see Ingram & Motta
2019, for details).

For our pure ADIOS flow model, the system is in the wave-like
regime. The whole flow, which is strongly coupled by the pressure
waves (the local sound crossing time-scale is much shorter than the
precession time-scale), then remains misaligned and precesses as a
solid body (see Ingram, Done & Fragile 2009; Ingram & Done 2011;
Ingram & Motta 2019).

For our truncated disc model, the extent of the truncation radius
determines whether we are in the diffusive or the wave-like regime.

If ry < Fyap, the thin disc feeds the ADIOS flow component
aligned material, thereby twisting the ADIOS flow into alignment.
Also see Liska et al. (2018) who find in their numerical simulations
that the angular momentum of the inner hot flow is negligible so that
the thin disc can easily affect its alignment.

If 7y > Fwarp, the thin disc feeds misaligned material to the inner
flow, so there is no alignment in the inner region and the inner ADIOS
flow precesses as a solid body just as in the pure ADIOS flow case.

Following Ingram & Motta (2019), we can calculate the angular
frequency of solid body precession, Wprec, as:

R,
U orr(R)L(R)RAR
Opree = s, ur(RERORAR (33)
Jelt LIRRAR

where £(R) = X R>Q, is the angular momentum per unit area. Note
that since the L£(R) term appears in both the numerator and the
denominator, we only need to know how this term scales with R, but
not the absolute value. Using the scaling relations for the ADIOS
model from Yuan & Narayan (2014), we have that the angular
frequency scales as , ~ R¥? and the volume density scales as
p ~ R732+5 Under the assumption of a constant H/R ratio, the
surface density then scales as & ~ R~!2+%, Using the weak-field
formula for wyr (equation 31), the integrals in equation (33) can then
be evaluated analytically (Fragile et al. 2007; Ingram et al. 2009).

Note that with s = 0.4, the surface density X is nearly constant.
However, GRMHD simulations predict that for misaligned discs, the
density should drop off sharply in the region dominated by radial tilt
oscillations. We therefore set the inner radius to be the bending wave
radius rpy = 3.0(H/R)~*°a?” and the outer radius is set to be equal
to the extent of the ADIOS flow.
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Figure 4. The Lense-Thirring precession time-scales in the solid-body
regime for Mgy = 10° Mg, Mg = 10> Mg, and a = 0.9. The lower limit
represents the classical solid body precession time-scale for a pure ADIOS
flow, whilst the upper limit of the shaded regions takes into account the
fractional angular momentum of the inner hot flow in the truncated state (see
the text). The light blue shaded region does not take into account additional
torques between the outer thin disc and inner hot flow, whilst the dark blue
shaded region includes torque corrections due to the outer thin disc following
Bollimpalli et al. (2023). Note that our simulations with fgqq ~ 1073 lead to
typical precession rates of ~10 Myr, whilst the torque-corrected precession
time-scales correspond to 2 100 Myr.

The torque due to Lense—Thirring precession is then given by:

dJ.

a = Jd,ADIOS X (U-’prec J.) s (34)

LT, prec

where in the pure ADIOS flow model, we simply have J4 apios =
Ja. In the truncated disc case, we assume that the ¥ ~ R~ scaling
still holds for the thin disc component, so that we can scale the thin
disc angular momentum as:

Jamp = Ja [I = (Re/Rup)"?] (35)
and consequently the ADIOS angular momentum is given by
Jaapios = Ja (Re/Ruwp)"* . (36)

In addition to disc precession, we also expect a disc alignment process
— much slower than the Bardeen-Petterson alignment in the thin
disc case, with the thick disc aligning on the accretion time-scale
tace = MBH/MBH,O (see e.g. King et al. 2005; Volonteri et al. 2005,
for analytical models of disc alignment) as well as the GRMHD
simulations by Liska et al. (2023a), which also find a global alignment
mode for the disc-corona-jet system on the accretion time-scale. The
full Lense—Thirring torque due to disc precession and alignment is
then given by:

dJ. J .o 2 .. .
:].{7 d’l?]DIOSwprec [].XJd}ff[Jox(.]oX‘ld)J}‘
LT

dr . acc
(37

In Fig. 4 we show the solid body precession time-scales (blue-
shaded regions) compared to the sound crossing time-scale (orange
line, see Motta et al. 2018, for derivation). From equation (34),
we can see that the precession time-scales depends on wprec, the
angle between the versors and the ratio of the ADIOS angular
momentum to BH angular momentum. Indeed from this equation,
we can derive that the rate of change of the azimuthal angle goes as
49 JLADIOS when the angular momentum of the BH dominates

ar — Pprec Jq
(recovering % = Wprec in the pure ADIOS regime). The % = Wprec
case provides the lower limit on the precession time-scales in Fig.
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Figure 5. Gas surface density maps of the three main simulation set-ups including the single SMBH simulation where the cavity is filled in with low density
gas due to the absence of torques (left panel), the equal-mass aligned binary simulation (middle panel), and the non-equal mass (mass ratio ¢ = 3), misaligned
(inclination angle i = 45°) binary simulation (right panel). Due to the super-Lagrangian refinement, we can resolve the binary system in detail (down to 0.01 pc),
including streams in the cavity and the mini discs which feed the subgrid unified accretion disc.

4 and the upper limit (used in our implementation) is given by the
truncated-disc-corrected precession time-scale, in all cases assuming
Ja/Jgu = 0.9, matching the typical angular momentum ratios in our
binary SMBH simulations. The light-blue shaded region corresponds
to the precession time-scales without considering additional torques
between the inner hot flow and outer truncated thin disc, whilst
the dark-blue shaded region shows the time-scales corrected by
95 percent, following Bollimpalli et al. (2023) who found that
solid body precession may be slowed down by up to 95 per cent for
truncated discs due to additional torques. In our model, we include
this slowed down precession as an optional module to test the impact
of reduced precession rates in this regime.

Finally, we note that in the MAD regime, jets can force the inner
part of the ADIOS flow to align rapidly with the SMBH spin in
GRMHD simulations (e.g. McKinney et al. 2013). However, Liska
et al. (2018) investigated a range of initial conditions for GRMHD
simulations of tilted black hole discs and found that the importance
of this effect crucially depends on the magnetic field configuration in
the initial conditions. As we do not model the jet component, we do
not include electromagnetic alignment due to jets here. However, we
will consider this effect in future work when coupling our accretion
disc model with an AGN jet subgrid prescription.

2.6 Summary of the model

As discussed, the evolution of the SMBH and its accretion disc
within our unified model can be fully specified given the radiative
efficiency, 7, rest mass flow rate onto the SMBH, Mgy o, rest mass
flow rate through the disc, M, specific angular momentum at the
inner boundary, Liyer, and Lense-Thirring torque, ddjt’ o These
quantities are listed for each state of the disc system in Table 1. We
also list the relevant references for all of the equations.

Note that the derivations of the thin disc equations can be found
in Fiacconi et al. (2018), in particular the derivation of the Bardeen-
Petterson torque for Lense-Thirring precession in the thin disc
regime as listed in Table 1 (here J, is the magnitude of the SMBH an-
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gular momentum and 7 gy is the time-scale for the torque to modify
the SMBH angular momentum). Note that if the warp radius exceeds
the thin disc radius, instantaneous alignment of SMBH and disc
angular momenta is assumed for the thin disc case, as listed in Table 1.

3 SIMULATIONS

To validate our new accretion disc implementation, we perform
idealized simulations of a single or binary SMBH embedded in a
gaseous disc, representing the inner region of a galaxy (see Fig. 5).

These test cases allow us to assess the sensitivity of our accretion
disc subgrid model to different parameter choices and modelling
assumptions, such as disc wind loss or reduced solid body precession,
without being limited by the computational expense of full galaxy
formation simulations. Ultimately, our accretion model has been
developed with galaxy simulations in mind, however, exploring the
accretion disc subgrid model in these set-ups is beyond the scope of
this methodology-focused paper.

The single BH embedded in a circumnuclear disc (CND) repre-
sents a baseline case so that we can assess the impact of different
modelling choices in a relatively steady environment. The binary
SMBHs embedded in the circumbinary disc (CBD) allow us to study
the behaviour of our new accretion disc subgrid model for strongly
fluctuating gas inflow patterns, especially for the misaligned binary
set-up. Furthermore, the binary simulations demonstrate a crucial
science case for these types of SMBH accretion models, in particular
with regards to electromagnetic counterpart and gravitational recoil
predictions.

In this Section, we outline the different physical configurations and
model variations explored in this paper. The set-up of the gaseous
disc is based on the initial conditions (ICs) presented in Bourne
et al. (2023) and for completeness we provide a brief summary in
Section 3.1. We then outline how these ICs are evolved for the single
SMBH set-up (see Section 3.2) and the binary SMBH set-up (see
Section 3.3), including the subgrid model variations explored in both
cases.
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3.1 Gaseous disc set-up

The gaseous disc for both the single and binary set-ups extends from
Ry = 4 pc to Ry, = 14 pc and follows a surface density profile of

R —o
%(R) = Xo (*) ; (38)
Rin

where o = 2 and the normalization X is set so that the total mass of
the gaseous disc constitutes 10 per cent of the single/binary SMBH
mass. As discussed in Bourne et al. (2023), this set-up represents an
idealized version of the inner region of a post-merger galaxy, which
offers ideal conditions for disc formation via the circularization of
infalling gas clouds.

The vertical structure is set up so that the aspect ratio of the
gaseous disc, H/R, is approximately constant and the disc is in a
stable configuration (initial Toomre parameter set to Q = 1.5).

We then evolve this system as an ideal gas with adiabatic index
y = 5/3 and allow the gas to cool following a §-cooling prescription,
where the local cooling time-scale T, is proportional to the orbital
time-scale by a factor 8 = 10. This ensures that the disc can settle
into a marginally stable configuration (see Bourne et al. 2023, for
details).

The target gas mass resolution is set to My = 0.2 Mg. To
increase the spatial resolution in the gaseous disc cavity, and allow for
accurate measurements of the mass and angular momentum inflow
rates onto the subgrid accretion disc, we apply the super-Lagrangian
refinement technique (Curtis & Sijacki 2015) to the gas cells in the
cavity (within Rs = 3pc). To this end, we define an additional
(de-)refinement criterion so that the maximum allowed cell size
Rl decreases linearly within the cavity from RS = 0.2 pc at Ry
(typical size of the mesh cell just inside the cavity) to R<! = 0.01 pc
at the centre (chosen to match the gravitational softening of the BH).
The cell sizes are allowed to be within a factor of two of these
target radii and, to avoid excessive refinement, we set a minimum
cell mass of mpy, = 10*5mmge[. Note that the super-Lagrangian
refinement technique is not merely advantageous for the subgrid
model, but also allows us to resolve important features in the low-
density cavity (which is intrinsically difficult for Lagrangian codes);
in particular we can resolve the formation of streams and mini discs
around the binary SMBHs, and follow accurately how they torque the
binary.

3.2 Single SMBH simulations
3.2.1 Initial conditions and relaxation

For all single SMBH simulation set-ups, we place a SMBH at
the centre of the CND, with mass M, =2 x 10° M. Following
arelaxation time of ~20 Myr, we then activate the super-Lagrangian
refinement and further relax the system for ~6 Myr. Note that we
keep the overall relaxation time deliberately as short as possible.
This allows for the disappearance of transient features, whilst testing
our subgrid model before the cavity has been refilled with gas due
to the absence of binary torques, as we are mainly interested in the
low-accretion-rate regime [see also the counter-rotating binaries in
Bourne et al. (2023)]. Appendix A summarizes the main features of
the single SMBH relaxation procedure.

3.2.2 Subgrid model variations

For the subgrid model, we need to specify the initial masses and
angular momenta of the accretion disc and SMBHs.

Unified AGN model for galaxy formation 71

The SMBH spin depends on the system’s previous evolution with
different accretion flows and feedback physics leading to either spin-
up or spin-down (see Narayan et al. 2022; Lowell et al. 2024, for
recent compilations). Following Bourne et al. (2023), we assume
that both SMBHs are initially highly spinning with a spin value
of a = 0.9, consistent with current observational constraints on
~ 10 Mg SMBHs (Reynolds 2019). The orientation is chosen
randomly, however, to be able to make direct comparisons between
different physics runs, the initially randomly chosen orientation for
the first set-up, i.e. & = 62°, is kept the same for all accretion
disc physics variations. The initial angular momentum versor of the
subgrid accretion disc is aligned with the angular momentum of the
surrounding gas inflows, i.e. with the z-axis.

For the subgrid accretion disc evolution, we test the original thin
disc model (single_thindisc) as well as the unified model with and
without wind loss (single_uniadios_winds and single_uniadios). For
these tests, we choose the initial disc mass as My = 107°M, =
2000 Mg and frad, initial, o = 0.003, which leads to good agreement
between the external inflow rate and the Eddington fraction for the
ADIOS model, see Fig. 7.

Furthermore, we also test two variations of the initial disc
mass set-up, rescaling the initial Eddington ratio according to
equation (8). In the first case, we employ a significantly higher
disc mass, My = 7500 Mg, and the unified model without wind
loss (single_uniadios_massive), and in the second case, we employ
a significantly lower disc mass, M4 = 500 Mg, and the unified
model both without and with wind loss (single_uniadios_light and
single_uniadios_winds_light). All of these runs and their parameters
are listed in Table 2.

The different disc mass choices here represent different previous
evolution histories of the system and allow us to test the behaviour
of our model in a low-inflow environment.

3.3 Binary set-up
3.3.1 Initial conditions and relaxation

The total binary mass is set to My, = 2 X 100 Mg and the binary
is initially placed on a Keplerian orbit with semimajor axis aomir =
2 pc, resulting in an orbital period of Ty, = 0.187 Myr.

For the binary orbits, we consider two configurations. First, we
simulate a simple symmetric set-up with an equal mass ratio, g =
1, zero eccentricity and with the binary orbit aligned with the
plane of the gaseous disc (labelled as bin_gli0). Secondly, we
simulate binaries with a mass ratio ¢ = 3, zero eccentricity, and
with the binary orbit inclined by i = 45° with respect to the CBD
(labelled as bin_q3i45). These set-ups are equivalent to g01e00i00
and g03e00i45mod in Bourne et al. (2023), respectively.

The initial conditions are evolved for 50 binary orbits correspond-
ing to about 1.57,., at the outer edge of the CBD without any
additional refinement and without any accretion onto the SMBH—
accretion disc particle. Following the cooling relaxation period, the
set-up is further relaxed with the super-Lagrangian refinement for
another 50 binary orbits, so that the total relaxation period amounts
to approximately three cooling time-scales, allowing the CBD to
reach a nearly steady state (see Bourne et al. 2023). The resulting
snapshot is used as initial conditions to be further evolved for 500
binary orbits, testing the unified accretion disc model (varying the
assumptions about wind loss and LT precession) as well as reference
runs with the thin disc model from Fiacconi et al. (2018), as described
in Section 3.3.2.
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Table 2. Overview of single SMBH simulations. We list the simulation names (first column), accretion disc model employed (second column), wind
loss (third column), initial mass of the subgrid accretion disc My (fourth column) and initial Eddington ratio for the subgrid accretion disc fgqq (fifth

column).

Simulation name Accretion disc model Wind loss? Initial disc mass My [Mg] Initial fgqq
single_uniadios Unified No 2000 1073
single_uniadios_winds Unified Yes 2000 1073
single_thindisc Thin disc only No 2000 1073
single_uniadios_light Unified No 500 107°
single_uniadios_winds_light Unified Yes 500 1076
single_uniadios_massive Unified No 7500 0.78

Table 3. Overview of binary simulations. We list the simulation name (first column), mass ratio ¢ (second column), inclination angle with respect to the
plane of the circumbinary disc i (third column), wind loss (fourth column), and whether the reduced precession rate for truncated disc from Bollimpalli

et al. (2023) is employed (fifth column).

Simulation name Mass ratio q Inclination angle i (°) Accretion disc model Wind loss? Reduced precession?
bin_q1li0_uniadios 1 0 Unified No No
bin_q1i0_uniadios_slowprec 1 0 Unified No Yes
bin_q1li0_uniadios_winds 1 0 Unified Yes No
bin_q1i0_uniadios_winds_slowprec 1 0 Unified Yes Yes
bin_q1i0_thindisc 1 0 Thin disc only No N/A
bin_q3i45_uniadios 3 45 Unified No No
bin_q3i45 _uniadios_slowprec 3 45 Unified No Yes
bin_q3i45_uniadios_winds 3 45 Unified Yes No
bin_q3i45_uniadios_winds_slowprec 3 45 Unified Yes Yes
bin_q3i45_thindisc 3 45 Thin disc only No N/A

3.3.2 Subgrid model variations

For the subgrid modelling, we again need to specify the initial
masses and angular momenta of the accretion disc and SMBHs.
Following the single BH set-up and Bourne et al. (2023), we assume
that both SMBHs are initially highly spinning with a spin value
of a = 0.9. The orientation is chosen randomly, however, to be
able to make direct comparisons between different physics runs, the
initially randomly chosen orientation for the first set-up, i.€. 0 primary =
31° and Ogecondary = 62°, is kept the same for all accretion disc
physics variations. Note, however, that this initial random orientation
is different from the initial SMBH versor orientations in Bourne
et al. (2023), so that our thin disc model runs display some small
differences compared to the Bourne et al. (2023) set-ups.

For the subgrid accretion disc, the initial mass is set to My =
1073M,. We align the initial angular momentum versor with the
angular momentum of the surrounding mini disc and we choose
the ratio between the magnitudes of the disc and SMBH angular
momenta such that the initial Eddington ratio, as set by equation
(8), approximately matches the initial inflow rate from the mini disc
(with feaq, initiall, 2 = 1072 for bin_qIi0 and fgaq, initia1 = 2 X 1073 and
JEdd, initial2 = 6 X 1073 for bin_q3i45).

For both binary configurations, we run five different simulations.
First, we repeat the thin-disc only set-up from Bourne et al. (2023),
though as noted above, we have a different initial orientation of
the SMBH versors. Secondly, we rerun both binary configurations
using the ADIOS model without wind loss (uniadios) with efficient
solid body precession for truncated discs following Ingram et al.
(2009) as well as reduced solid body precession (slowprec) fol-
lowing Bollimpalli et al. (2023). Finally, we repeat the same two
precession cases, where we also account for wind loss in the hot flow
(uniadios_winds). All of these simulations are listed in Table 3.
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4 RESULTS

The unified accretion disc model determines the evolution of the
SMBH accretion rates, luminosities, and spins across different
radiative regimes. In this section, we analyse all of these aspects
in detail for both the single SMBH set-ups, which allow us to test
the impact of our subgrid model choices in a simpler setting without
the binary torques, as well as the binary SMBHs where we obtain
more complex dependencies between the variations in the resolved
inflows and the response of the subgrid model, in particular for the
spin alignment.

Fig. 5 shows gas surface density maps of our three main simulation
set-ups: the single SMBH simulation (single, left panel), the equal-
mass, aligned binaries (bin_qli0, middle panel), and the unequal-
mass, misaligned binaries (bin_g3i45, right panel). We show the
single BH simulation at = 50 Myr to demonstrate how the cavity is
filled with relatively low-density gas in the single SMBH simulation.
For the binary simulations, on the other hand, streams and mini
discs form in the cavity that feed gas and angular momentum to the
SMBHs, here shown at the beginning of the simulation before the
CBD is torqued by the misaligned binary (also see Bourne et al.
2023).

First, we consider the disc state transitions throughout the simu-
lations in Section 4.1 and then go on to analyse the gas accretion
and luminosities in Section 4.2. Finally, we investigate the SMBH
spin and disc angular momentum evolution due to gas inflows and
Lense—Thirring precession in Section 4.3.

4.1 Disc state transitions

We begin our analysis of the simulation suite by considering the
different characteristic disc radii which determine the disc state
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Figure 6. Time evolution of the characteristic accretion disc radii, including the thin disc radius (dashed lines), truncation radius (solid lines), and warp radius
(dotted lines). The grey-shaded region indicates the ISCO. The accretion disc models employed are given by the colour-coding as listed in the figure legend.
See Tables 3 and 2 for details on the binary and single SMBH simulation runs, respectively. Overall, we find that the vast majority of our simulation set-ups are
in the truncated disc state, with the Lense—Thirring regime switching between Bardeen—Petterson alignment and solid body precession as the truncation radius
falls below and above the warp radius. Note that the models with and without wind loss share the same mass flow rate through the disc, assuming a constant
SMBH mass and spin. Since there are negligible changes in SMBH properties in the single SMBH simulations, both models have nearly identical disc mass

flow rates and, consequently, similar disc radii.

transitions. Fig. 6 shows the thin disc radius rryp (dashed lines), the
truncation radius 7 (solid lines), and the warp radius 7y, (dotted
lines) as a function of time. The grey-shaded region indicates the area
inside the ISCO. The panel titles indicate the initial conditions and
the colour-coding of the lines indicates the subgrid model employed
as listed in the legend.

First, we consider the single SMBH set-up. With the standard
initial disc mass (My = 107>M, = 2000 Mp), the disc is in the
truncated disc state for the whole simulation (risco < r¢ < rmhp),
with the truncation radius larger than the warp radius. Hence the
outer truncated thin disc is fully misaligned and feeds misaligned
material to the inner hot flow leading to solid body precession (see
Section 4.3.1 for details on the precession behaviour in the single
SMBH case). Note that the models with and without wind loss have
the same mass flow rate through the disc for a given SMBH mass
and spin (as the wind loss is at the expense of the SMBH growth and
is assumed to occur at the ISCO). Given the insignificant changes in
SMBH properties for the simulations considered here, these models
hence have the same disc mass flow rates and therefore also virtually
identical disc radii.

With the massive disc initialization (uniadios_massive, My =
7500 Mg), however, the disc spends a short initial period of
approximately 1 Myr in the thin disc state with the truncation radius
inside the ISCO. Afterwards, the disc is rapidly depleted and changes
to a truncated disc with steadily increasing truncation radius. At ¢ ~
10 Myr, the truncation radius starts exceeding the warp radius, so
that the torque regime changes from Bardeen—Petterson alignment
to solid body precession.’

Next, we consider the disc radii for the equal-mass, aligned binary
(bin_qli0, second panel). As the primary and secondary SMBH
findings closely follow one another, we just show the disc radii
evolution of the secondary here and comment on any (small) differ-
ences in the text. As with the standard single SMBH configuration,

3Note that we also performed a simulation with a light disc of initial disc mass
Mgy = 500 Mg, which is firmly in the pure ADAF/ADIOS regime (not shown
here), with r/rmp ~ 10* and does not significantly change its disc properties
due to the low initial fggq = 10~°, which means that both the disc mass and
SMBH mass stay approximately constant throughout the simulation.

this simulation is in the truncated disc state for the whole duration
of the simulation with rigco < 7y < rmp. Initially the truncation
radius is smaller than the warp radius, so that the system is in the
Bardeen—Petterson configuration. As the truncation radius increases
the uniadios set-up (purple line) enters the solid body precession
regime for the remainder of the simulation. The uniadios_winds set-
up (pink line), however, briefly dips back into the Bardeen—Petterson
regime as the truncation radius decreases due to the slower SMBH
mass growth rate [which increases fgqq, Thp, S€€ equation (8)]. Note
that this temporary decrease does not occur for the primary SMBH
due to small stochastic differences in their evolution.

For the unequal-mass ratio, misaligned binaries, we show the
primary and secondary SMBH in separate panels. Due to the
asymmetry of the set-up, there are significant quantitative differences
in the disc radii evolution, although the qualitative behaviour is very
similar. Both SMBHs are in the truncated disc regime with rigco
< ry < rmp for the whole simulation. For the primary SMBH, the
system 1is initially in the Bardeen—Petterson configuration with ry
< Twarp and then switches from the solid-body precession regime
back to Bardeen—Petterson and finally enters the solid-body regime
again. This applies to both the uniadios and uniadios_winds model,
although the uniadios_winds model spends longer in the Bardeen—
Petterson regime due to the smaller truncation radius. Similarly,
the secondary SMBH switches between the different precession and
alignment regimes, however with the uniadios_winds model, there
is only one solid body precession phase at late times, with the early
precession phase being suppressed by the slower growth in r.. Note
that the truncation radius of the secondary increases significantly
towards late times (over one magnitude higher than the primary’s
truncation radius) as with our binary set-up, we have preferential
accretion onto the primary (see discussion in Bourne et al. 2023).

Finally, we note that for the (primary) BHs in the binary simu-
lations, the truncation radius closely tracks the warp radius. This is
because our binary SMBHs are in the Eddington fraction regime of
e 1073, which corresponds to the accretion regime where these
two radii intersect for highly spinning BHs (see Fig. 2). The primary
BHs closely maintain this accretion rate throughout the simulation as
the external inflow rates are similar to the mass flow rate through the
accretion disc so that the latter does not change its mass significantly.
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Figure 7. Time evolution of the gas mass accretion rate at ISCO M (top
panel), bolometric luminosity Ly (middle panel), and SMBH spin a (bottom
panel). For comparison we also show the mass flow rate onto the subgrid
accretion disc in light green (instantaneous) and dark green (binned). The
unified model without wind loss predicts very similar mass accretion rates to
the thin disc model, whilst the ADIOS mass accretion rates are significantly
lower when accounting for wind loss. For the luminosities, both unified set-
ups are significantly suppressed compared to the thin disc set-up due to the low
radiative efficiencies in the truncated disc state. The SMBH spin only varies
moderately in the simulations due to the low mass inflow rates, however,
as encoded in the model, we can see how the thin disc model spins up the
SMBH, whilst the ADIOS set-up leads to spin-down.

Whilst the single BH simulations also initially have ri ~ ryarp, these
two radii rapidly diverge as the accretion rate decreases due to
the significantly lower external inflows, with ry,; having a much
shallower dependence on fg4q than 7.

Having established the different disc regimes that govern the mass
and angular momentum evolution of the SMBHs, we move on to
a more detailed analysis of the gas accretion rates and luminosities
in Section 4.2 and of the disc angular momentum and SMBH spin
evolution in Section 4.3.

4.2 Gas accretion rates and luminosities

4.2.1 Single SMBH simulations

We begin our analysis of the gas mass accretion rate by considering
the single SMBH simulations. Fig. 7 shows the time evolution of
the gas mass accretion rate at the ISCO (top panel), bolometric
luminosity (middle panel), and SMBH spin (bottom panel). The
colour-coding indicates the subgrid model employed, as listed in the
legend. For comparison, we also show the gas mass inflow rates onto
the accretion disc in light green as well as the mean inflow rate in
bins of 0.1 Myr in dark green.

We note that due to the low cooling rate, the cavity only fills
in relatively slowly (also see Appendix A), so the initial disc mass
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plays an important role, leading to significant differences between
the different disc initializations (see Table 2).

We first consider the reference thin-disc only run (solid brown
line). Here the mass accretion rate and luminosity are relatively
steady at ~ 107> Mg yr~!' and ~ 10*! ergs™!, albeit slightly de-
clining as the disc mass is depleted at a much faster rate than it is
being replenished by the inflows, i.e. Miygow < 1077 Mg yr~'. The
SMBH spin a is very slowly increasing as the equilibrium spin for
the co-rotating thin disc tends towards maximally spinning solution,
ie.a, ~ 1.

With the unified accretion disc model, the mass accretion rate
is virtually identical for the uniadios set-up (dash-dotted dark pink
line) as the disc is in the truncated state (see Section 4.1) so that the
mass flow rate is set by the outer thin disc. Note that this modelling
choice results in the mass flow rates through the inner hot flow being
significantly smoothed out. In principle, this boundary condition only
needs to be true in a time averaged sense, and due to the significantly
lower viscous time-scale in the ADAF regime, the inner hot flow
may display significant variability, as seen in GRMHD simulations
(e.g. Lalakos et al. 2024). Furthermore, the thin disc may display
significantly more variability than is captured in our prescription,
for example due to opacity changes (e.g. Jiang & Blaes 2020).
This has important implications for AGN bursts and multimessenger
signatures, as discussed in more detail in Section 4.2.2.

The uniadios_-winds model (dash-dotted light pink line) also takes
into account wind loss in the inner hot flow, so that the accretion
rate at ISCO is significantly suppressed. Both the uniadios and the
uniadios_winds model have suppressed luminosities compared to the
thindisc case due to the much lower radiative efficiency as well as
wind loss for the ADIOS model.

Considering the SMBH spin evolution, we find that the truncated
accretion disc model behaves in the opposite way from the thindisc
case, with the spin steadily decreasing. Again this decrease in the spin
amplitude is extremely slow due to the low accretion rate (especially
for the ADIOS case).

With the massive disc initialization (uniadios_massive, dash-
dotted yellow line), the disc is in the thin-disc state for ~1Myr
and then switches back to the truncated disc mode as the accretion
rate rapidly decreases (also see Section 4.1). This also leads to a
very bright initial luminosity peak of Ly, ~ 10* ergs~'. The spin
rapidly increases during the thin disc phase but then quickly decays
again in the truncated disc phase.

Finally, we also tested a light disc set-up (not shown here), which
is characterized by extremely low accretion rates and luminosities
(M ~ 101! Mg yr‘I and Ly ~ 103 erg s~1) so that, combined
with the low inflow rates, there is virtually no change in the disc and
SMBH properties.

4.2.2 Binary SMBH simulations

Having established the basic impact of the subgrid accretion disc
models on the gas accretion rates and luminosities with the single
SMBH simulations, we turn to the more complex and astrophysically
interesting binary simulations. Fig. 8 shows the gas mass flow
rates (top row), corresponding Eddington fractions (middle row),
bolometric luminosities (bottom row). In the first column, we show
the results from the equal-mass, aligned binary case, bin_q1i0, again
just plotting the rates of the secondary SMBH which very closely
follows the evolution of the primary SMBH due to the symmetric
set-up. For the misaligned case, we separately plot the primary
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Figure 8. Mass inflow rates (fop row), Eddington fractions (middle row), and bolometric luminosities (bottom row) for the binary simulations, with the subgrid
model employed indicated by the colour-coding and line-styles as listed in the legend. In the top row, we also show the binned mass flow rates through the
cavity, where solid blue lines indicate inflows and dashed blue lines indicate outflows. Furthermore, we plot the mass flow rates onto the accretion disc in light
green (instantaneous) and dark green (binned). In the second row, we only include the binned inflow rates from the mini discs for clarity. In the third row, we
split the bolometric luminosities into the contributions from the inner hot flow (dotted line) and outer truncated accretion disc (dashed lines) for the simulations
performed with the unified accretion disc model. Overall, the ADIOS model substantially suppresses the mass accretion rates when accounting for wind loss,
and the luminosities are significantly suppressed for all of the unified set-ups due to the low radiative efficiency in the truncated disc state.

SMBH in the second column and the secondary SMBH in the third
column.

We first focus on the gas mass flow rates in the top row. The blue
lines indicate the mass flow rates from the CBD through the cavity
calculated at r = 2aumy = 4 pc, with the solid blue lines indicating
net inflows for a given timebin and the dotted blue line showing
net outflows, both averaged over ~5 binary orbits. We correct these
CBD rates by a factor of 0.5, to account for the average flow rate
towards the primary/secondary SMBH (though note that preferential
accretion means that for the unequal-mass binaries, the SMBHs will
not receive an equal share of the CBD inflows). The CBD mass flow
rates fluctuate between inflows and outflows, however, the net mass
flow rate over the whole simulation time is inflowing. Furthermore,
we show the gas mass flow rates from the mini discs onto the accretion
disc as a light green shaded region with the mean inflow rate, in bins
of ~5 binary orbits, plotted in dark green. We also show the mass
flow rates through the subgrid disc for the different accretion disc
models explored, including the thin-disc only reference run (thindisc,
solid dark purple lines) as well as the unified accretion disc model
without wind loss (uniadios, dash-dotted light purple lines) and with
wind loss (uniadios_winds, dash-dotted pink lines).

The mean feeding rate from the CBD and the gas mass flow rates
through the mini disc onto the accretion disc are similar overall,
in particular for the aligned set-up and the primary SMBH in the
misaligned set-up. For the secondary SMBH, the CBD feeding
rate somewhat exceeds the mini disc rate. The latter significantly
decreases at # ~ 30 Myr and we have preferential accretion onto the
primary BH (also see Bourne et al. 2023).

As noted in Section 4.2.1, the subgrid accretion disc model
smooths out the inflow rates due to the relatively long viscous time-
scale of the thin disc, which also sets the accretion disc time-scale in
the truncated disc state (see Hogg & Reynolds 2018). In principle,
the inner hot flow could experience significant variability due to
disc turbulence and much shorter viscous time-scale. Capturing this
variability is beyond the scope of this work, however, we note that
there may be intermittent accretion bursts that our model does not
capture.

Comparing the mass flow rates between the different subgrid
models, we find similarly to the single SMBH case that the thindisc
and uniadios models yield very similar mass flow rates. The slight
positive offset of the uniadios rates is due to the extremely low
radiative efficiency in the ADIOS regime so that the disc mass is
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Figure 9. X-ray luminosities (top row) and radio luminosities (bottom row) for the binary simulations, with the subgrid model employed indicated by the
colour-coding and line-styles as listed in the legend. In the top row, we also plot the X-ray flux limits from NewAthena and the proposed NASA X-ray probes for
the Astrophysics Probe Explorer (APEX) programme as brown- and grey-shaded regions, respectively, for z = 1 and z = 0.25. In the bottom row, we indicate
typical GHz flux limits (where most of the jet emission is expected to occur) for SKA and ngVLA as gold- and blue-shade regions, respectively, for z = 3 and
z = 1. The lower and upper limits correspond to proposed deep and wide surveys, respectively. The low radiative efficiency and wind loss in the ADIOS model
lead to significantly lower X-ray luminosities than the thin disc predictions. For the radio regime, however, the situation is reversed as thick discs are associated

with more efficient radio jet production.

being drained more slowly leading to somewhat higher accretion
rates at late times. However, this is vastly outweighed by the wind
loss in the uniadios_winds set-up, which has much lower accretion
rates. Note that this represents somewhat of a lower limit as we do
not have feedback in our simulations so the lost wind mass is not
re-injected. If we included this effect, we may have a fountain effect
resupplying mass to the discs, especially in the inner region (e.g.
Sadowski et al. 2013), though the winds may also act to reduce the
mini disc mass flow rate.

The Eddington fractions of the inflow rates from the mini discs
are generally < 1073, and with our set-ups approximately matching
these initial inflow rates, the mini discs therefore set the truncated
disc state.

For the luminosities, we separately plot the contributions from
the outer truncated thin disc (dashed lines) and inner hot flow
(dotted lines). This demonstrates that the inner hot flow significantly
dominates the disc luminosity in the truncated state, which means that
the spectrum of the binary would also be shifted towards harder X-
rays with the truncated disc model (Giustini & Proga 2019). Energy
extraction in the outer truncated thin disc is extremely inefficient for
intermediate Eddington ratios as the gravitational potential energy
released up to the truncation radius is only minimal, with most of
the energy release in the full thin disc mode occurring at ISCO.
Indeed even the inner hot flow in the uniadios model is one order of
magnitude fainter than the thindisc model. For the uniadios_winds
model, the low radiative efficiency and wind loss combined lead to
a dramatic decrease in the inner hot flow luminosity.

MNRAS 532, 60-88 (2024)

This has important implications for multimessenger signatures,
and in particular electromagnetic counterpart predictions. To inves-
tigate this further, we show the X-ray and radio luminosities of the
binaries in Fig. 9.

To obtain the X-ray luminosities for the thin discs, we assume
the bolometric correction from Shen et al. (2020), appropriate for
a quasar template. For the ADIOS X-ray luminosities, we use the
Eddington-ratio dependent bolometric correction from Vasudevan &
Fabian (2007). For comparison, we also show the detectable lumi-
nosities for upcoming X-ray missions, with NewAthena plotted as
brown-shaded regions and the proposed NASA APEX missions as
grey-shaded regions. In both cases, the light-shaded regions indicate
the detectable luminosities at z = 0.25, whilst the dark-shaded regions
indicate detectable luminosities at z = 1.0. The NewAthena lower
luminosity limit is based on the flux limit for a deep survey with
the maximum proposed angular resolution (5 arcsec).® Similarly, as
a representative example of the NASA X-ray probe-class missions
that are currently under review, we plot the flux limits for the proposed
AXIS deep and wide surveys (Reynolds et al. 2023). Though note that
(in addition to infrared missions), there are several other proposed
X-ray probes for the APEX programme that will target dual SMBH
and close pairs, e.g. HEX-P which would have the ability to spatially
resolve dual AGN targeting the hard X-rays (Civano et al. 2024;

©These are taken from a recent NewAthena status update presentation which
can be found at https://api.cloud.ifca.es:8080/swift/v1/ACO/Presentations/
20230616NewAthena_XRU.pdf.
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Pfeifie et al. 2024) and LEM which could spectrally resolve dual
AGN at high redshifts (Pfeifle et al. 2023).

This demonstrates the crucial need for accurate accretion disc
modelling as the different disc models make significantly different
predictions for the detectability of the binaries. In particular, at
z = 1, even with the state-of-the-art NASA probe concepts, the
binaries would not be detectable according to our unified accretion
disc model — regardless of whether wind loss is included. For
nearby galaxies within z = 0.25, which may harbour a significant
SMBH binary population as revealed by the population modelling
based on gravitational wave background constraints from nanoGRAV
(see Agazie et al. 2023b, though note that strongest constraints
are for more massive SMBHs than the ones considered here), X-
ray detection prospects are more favourable, although the proposed
probes may struggle to detect these objects if wind loss is significant.
With the thin disc model, the predicted X-ray luminosities are much
higher and may be detectable out to z = 1, with the proposed NASA
X-ray Probe-class missions.

Radio interferometers will play a particularly important role in
constraining wide binaries, such as the ones simulated in this
work, as very long baseline interferometry (VLBI) allows us to
directly resolve these systems, whilst future X-ray missions will
still be limited to kpc scales (De Rosa et al. 2019). Current radio
interferometers have already identified parsec scale binaries at z ~
0.1 and future facilities will push this to much higher redshifts with
SKA resolution sufficient to at least z ~ 1 and the ngVLA resolving
wide SMBH binaries out to redshifts z 2 3 (Burke-Spolaor et al.
2018; Bogdanovi¢, Miller & Blecha 2022).

To this end, we plot radio luminosity predictions for the different
disc states in the bottom row of Fig. 9. Both analytical theory
(Meier 2001) and GRMHD simulations (Tchekhovskoy, Narayan &
McKinney 2010) predict that geometrically thick accretion discs
should be more efficient at jet production and may even explain the
radio loud/quiet AGN dichotomy. The spin-driven jet model from
Meier (2001) is also applied in Barausse (2012) and more recently in
Mangiagli et al. (2022), and we follow their disc-state-dependent for-
malism here for our binary electromagnetic counterpart predictions.
We then convert the jet luminosities into radio luminosities using the
scaling relationship between jet power and synchrotron luminosity
from Cavagnolo et al. (2010). Following Mangiagli et al. (2022), we
also take into account beaming effects assuming a typical Lorentz
factor of I' = 10 for AGN.

For comparison, we also again indicate detectable luminosities for
future radio facilities based on typical sensitivities in the GHz band
(where most of the jet emission is expected to occur) for SKA (~200-
2000 nly, see Braun et al. 2019) and the ngVLA (~40-400 nJy, see
Plotkin & Reines 2018), as collated by Latif, Whalen & Mezcua
(2024). As a note of comparison, the upper limit for detectable
luminosities with SKA corresponds to the lower limit for LOFAR.

Based on current SMBH spin constraints (Reynolds 2019), we
have initialized our SMBHs as highly spinning (@ = 0.9) which
favours strong jet production (Blandford & Znajek 1977; Bland-
ford & Payne 1982). In the ADIOS regime, the jets are further
boosted due to the smaller solid angle subtended by the base of
the jet, increasing the jet power (Tchekhovskoy et al. 2010).

Hence we obtain very high radio jet luminosities in the ADIOS
regime, even when considering wind loss, which exceed the thin
disc predictions by several orders of magnitude. This has important
implications for VLBI SMBH binary searches, which will mainly
be limited by angular resolution for highly spinning SMBHs in the
truncated or ADIOS state. For thin discs, however, these searches
will also be fundamentally limited by sensitivity. In our case, whilst
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the ngVLA may be expected to resolve a parsec-scale SMBH binary
out to z ~ 3, with the thin disc model we would not expect to detect
the jet luminosities of this system.

One important caveat is the role of magnetic fields in jet pro-
duction. Indeed recent GRMHD simulations have demonstrated that
thin discs can have much more efficient jets if the inner region of
the disc is magnetically saturated (‘MAD state’) which may provide
a potential explanation for radio-loud quasars (Liska et al. 2019;
Ricarte, Narayan & Curd 2023). Incorporating these effects is beyond
the scope of this work though we note that a stronger magnetic field
would increase the spin-driven jet power for both disc types following
the Blandford-Znajek mechanism (Blandford & Znajek 1977), so that
the qualitative statement of stronger jets in the ADIOS regime would
likely still hold.

As a final caveat, we note that these strong jets would spin down
the SMBH, decreasing the jet power. As we are only estimating
the jet power in post-processing we do not include this effect here,
however, in the future we plan to couple our unified accretion disc
model to a resolved jet feedback implementation (also see Talbot,
Bourne & Sijacki 2021; Talbot, Sijacki & Bourne 2022, 2024) and
include the jet spin down self-consistently.

Overall, we emphasize that the thin disc model and truncated
disc model for the same inflow rate predict markedly different
counterparts. For the former, we obtain relatively bright X-ray AGN
but weak radio jets, whilst the latter produces strong radio jets and
weak X-ray emission. Hence it is of critical importance to incorporate
as realistic AGN accretion disc models as possible when making
electromagnetic counterpart predictions for SMBH binaries.

4.3 Evolution of SMBH spin and accretion disc angular
momentum

Here, we explore the evolution of the SMBH and accretion disc
angular momentum, which is governed by the external inflows
from the mini discs, the accretion of gas angular momentum from
the accretion disc onto the SMBH and the mutual Lense—Thirring
torques. The latter two are set by the assumed subgrid model for
the accretion disc. In particular the Lense-Thirring torques, which
arise from a misalignment between the SMBH and disc angular
momentum versors, operate in two very different physically regimes
depending on the disc model assumed. In the thin disc case, these
differential torques are communicated via viscosity, leading to the
so-called Bardeen—Petterson configuration, where the inner part of
the thin disc is aligned with the SMBH versor up to a warp radius
T'warp- In the ADIOS regime, the whole flow is strongly coupled via
pressure waves and precesses as a solid body, only aligning very
slowly with the total angular momentum versor. See Section 2.5.2
for a detailed description of the subgrid treatment of Lense—Thirring
precession in the different disc states.

4.3.1 Single SMBH simulations: angular momentum versor
evolution

We first consider the angular momentum evolution in the single
SMBH simulations. Here the spin alignment is mainly driven by the
Lense-Thirring torques as both the SMBH accretion rates and the
external gas inflow rates are negligible (see Section 4.2.1). Fig. 10
shows polar projections of the SMBH and accretion disc versors’
time evolution for the thin disc model (single_thindisc, top row),
unified accretion disc model without wind loss (single_uniadios,
middle row), and unified accretion disc model with a massive initial
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Figure 10. Polar projections of the evolutionary tracks of the SMBH (left
panel) and accretion disc (right panel) angular momentum versors (unit
vectors co-directional with angular momentum vector) for the single SMBH
simulations, where the colour coding indicates the simulation time. The black
diamond marker indicates the initial orientation, whilst the black square
marker shows the final versor orientation. We also plot the versor position of
the total angular momentum versor as a blue dot. For the standard thin disc
case (single_thindisc, top row) we obtain slow Bardeen—Petterson alignment,
whilst for the standard unified accretion disc model (single_uniadios, middle
row), the system is in the solid-body precession mode covering a significant
solid angle. With the massive disc initialization (single_uniadios_massive,
bottom row), the system aligns rapidly with the total angular momentum
vector and, as it switches to the truncated disc mode, goes through small-
scale solid body precession.

disc and without wind loss (single_uniadios_massive, bottom row).
The colour coding of the tracks indicates the time evolution and the
black diamond and square markers indicate the initial and final versor
orientation, respectively. The blue filled circle indicates the location
of the total angular momentum versor ji. Note that the total versor
does not evolve throughout the simulation due the extremely low gas
inflow levels.

For the thin disc model, single_thindisc, both the SMBH and
the accretion disc versor are slowly aligning with the total angular
momentum versor due to the Bardeen-Petterson alignment. For the
unified accretion disc model, single_uniadios, we instead obtain
efficient precession of the inner hot flow. Note that the wind loss
model (single_uniadios_winds, not shown), results in an identical
versor evolution as the precession frequency only depends on
the disc and SMBH state variables (i.e. the masses and angular

MNRAS 532, 60-88 (2024)

momenta) and not the current accretion rate (see equation 33).
Since the state variables are only changing negligibly due to the
low accretion rates, the solid body precession pattern is therefore
identical with or without wind loss in these simulations. Finally, we
also consider the versor evolution for different initial disc masses.
With the massive disc set-up, single_uniadios_massive, the Eddington
fraction is initially much higher (see Section 4.2.1), so that we obtain
extremely rapid realignment of the SMBH and disc versor with the
total versor in the Bardeen—Petterson configuration. As the accretion
rate drops, the disc switches to the truncated disc mode and starts
precessing as a solid body, albeit with an extremely small precession
angle due to the previous realignment. With the light disc model
(single_uniadios_light, not shown) the precession time-scales are
much longer than the simulation time and the alignment time-scale
exceeds the Hubble time, so that for the duration of the simulation
the versor orientation remains constant.

4.3.2 Single SMBH simulations: precession and alignment analysis

We investigate these different evolution scenarios more quantitatively
in Fig. 11, which shows the polar angle of the total, SMBH and
accretion disc versors as a function of time and Fig. 12, which shows
the time evolution of the precession and alignment time-scales in the
Bardeen—Petterson and solid body precession regimes, respectively.

The left-hand panel of Fig. 11 shows how in the single_thindisc
simulation, the disc and the SMBH versor are torqued towards the
total versor by the Bardeen—Petterson effect. However, this alignment
process is very slow with time-scales Tyjign, BP P 103 Myr (see left-
hand panel of Fig. 12). Meanwhile the precession time-scales are
even longer, so that the versor evolution in the single_thindisc set-up
is dominated by the alignment process, with precession only playing
a negligible role.

For the single_uniadios model, the disc and SMBH versors are
precessing in antiphase to one another in the solid body regime
(see middle panel of Fig. 11), with the initial precession time-scale
Toree, sB 2, 20 Myr, which then increases to Tprec, s8 ™~ 10° Myr at the
end of the simulation (see Fig. 12), so that the BH-disc-system never
completes a full precession period.

Finally, with the single_uniadios_massive model, we have a phase
change where the disc goes through rapid Bardeen—Petterson align-
ment in the first Myr with Tye, gp ~ 1 Myr and then enters the
solid-body precession regime at ¢ ~ 10 Myr, undergoing small-scale
precession due to previous efficient realignment with the period
increasing from Tprec s S 10 Myr t0 Tprec, sB ™~ 10° Myr.

4.3.3 Binary SMBH simulations: angular momentum versor
evolution

Following on from the simpler single SMBH case, we move on to
analyse the angular momentum evolution of the SMBH and accretion
disc in the binary simulations. Here the inflow rates from the mini
discs can at times be significant, so that the versor evolution is not
just driven by the Lense—Thirring torques but also by external inflows
of gas angular momentum.

Fig. 13 shows polar projections of the SMBH and accretion
disc versors’ time evolution for the aligned g/i0O (left panel) and
misaligned ¢3i45 binary runs (right panel). The blue-purple tracks
represent the versor evolution of the primary, whilst the orange-red
tracks show the versor evolution of the secondary SMBH. The red and
blue dotted lines show the evolution of the total angular momentum
Versotjor.
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Figure 11. Polar angle of the total (solid line), SMBH (dashed line), and disc (dotted line) angular momentum versors for the single_thindisc (left panel),
single_uniadios (middle panel), and single_uniadios_massive (right panel) set-ups. For the unified accretion disc model, we also show inset plots with the ratio
between the truncation and warp radius to indicate when the system enters the solid body precession regime. This demonstrates the alignment towards the total
versor in the Bardeen—Petterson regime as well as the solid body precession evident in the oscillations of the polar angle, with the disc and SMBH precessing
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Figure 12. Lense-Thirring time-scales for the single and single_massive set-
up in the left and right panels, respectively. We plot the alignment time-scales
(orange lines) and precession time-scales (brown lines) for the solid body
precession regime (dashed lines) and Bardeen-Petterson regime (dotted lines).
The grey-shaded region indicates time-scales exceeding the Hubble time.
Precession is significantly more efficient for thick discs, whilst alignment is
extremely inefficient in the solid body precession regime.

The evolution of the total angular momentum versors for a given
binary configuration is virtually identical for all of the subgrid models
explored as it is governed by the external inflows from the mini discs.
For the aligned binary, bin_q1i0, we find efficient realignment of the
total versors with the poles as we have coherent accretion from the
mini discs, whilst for the misaligned binary, bin_g3i45, the accretion
is less coherent as the binary realigns with the outer CBD (see Bourne
et al. 2023, for details).

The first row shows the runs with the thin disc model. As with the
single SMBH set-up, we have Bardeen—Petterson alignment of the
SMBH and disc angular momentum versors with the total angular
momentum versors. However, as the total angular momentum versors
are being reoriented towards the mini disc angular momentum and
the subgrid disc is initially assumed to be aligned with the mini discs
(see Section 3.3.2), the alignment between the disc and total versors
is accelerated by the external inflows. For the SMBH versors, on the
other hand, the external inflows lead to less efficient alignment as the
total versor recedes from the SMBH versor.

The second row shows the simulations performed with the unified
accretion disc model without wind loss and with standard precession.
For the bin_qli0 set-up, after a short Bardeen—Petterson alignment
period, the SMBH and disc versors are rapidly precessing. The
SMBH versors’ precession angles remain roughly constant, whilst

for the disc versor the precession angle is steadily decreasing as
the disc and total angular momentum versor align due to accretion
from the mini discs. For the bin_g3i45 simulation, the picture is
more complex as the system alternates between Bardeen—Petterson
alignment and solid-body precession, so that the precession angle
decreases for both the SMBH and disc versors.

The simulations shown in the third row were also performed with
the unified accretion disc model, but account for wind loss with the
ADIOS model. Note that this slows down the SMBH mass growth
rate, which decreases the truncation radius so that the inner hot
flow is more likely to be smaller than the aligned region of the
warped outer thin disc, so that the inner hot flow is also twisted
into alignment. Indeed for both binary configurations, the SMBH-
accretion disc system tends to spend more time in the Bardeen—
Petterson alignment phase with the ADIOS wind loss being taken
into account. The impact is particularly dramatic for the secondary
SMBH in the bin_q1i0 set-up. Here the combination of solid body
precession followed by Bardeen—Petterson alignment realigns the
SMBH and disc versors even more efficiently than the thin disc only
case.

The simulations presented in the fourth row were performed with
a reduced solid body precession rate for the truncated disc case,
following the results from Bollimpalli et al. (2023), who find that the
precession rate of the inner hot flow is reduced by 95 per cent due
to torques from the outer thin disc (see Section 2.5.2 for details on
the solid body precession model). With this model, the system never
completes a full precession cycle within the simulation time and there
is only very slow alignment from the short Bardeen—Petterson phases.
The equivalent set-ups with wind loss (uniadios_winds_slowprec, not
shown here) are very similar. Since the precession proceeds very
slowly, the duration of the Bardeen—Petterson alignment has a much
less significant impact on the overall evolution.

4.3.4 Binary SMBH simulations: precession and alignment
analysis

We now turn to investigate the complex precession behaviour of the
binary SMBHs more quantitatively. Fig. 14 shows the time evolution
of the versors’ polar angle in the left-hand panels. Due to efficient
angular momentum accretion from the mini disc, the total angular
momentum versor evolves significantly in the binary simulations. To
control for this effect, we also consider separately the time evolution
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Figure 13. Polar projections of the evolutionary tracks of the SMBH (left columns) and accretion disc (right columns) angular momentum versors for the
aligned binaries (bin_q1i0, left panel) and misaligned binaries (bin_q3i45, right panel). We show the time evolution of the primary SMBH as blue-purple
colour-coded tracks and the time evolution of the secondary SMBH as yellow-red colour-coded tracks. For comparison, we also plot the evolution of the total
angular momentum versors as blue and red tracks for the primary and secondary SMBH, respectively. The rows correspond to different subgrid model set-ups
as indicated by the labels. Again with the thin-disc only model, we simply get slow alignment due to the Bardeen—Petterson effect. For the unified accretion disc
model, the system goes through alternating periods of solid body precession and Bardeen—Petterson alignment, covering a significant solid angle. However, if
the precession rate for the truncated disc mode is reduced following Bollimpalli et al. (2023) then the system neither efficiently precesses nor efficiently aligns.

of the ‘offset angle’ between the BH/disc versors and the total angular
momentum versor in the right-hand panels. Moreover, Fig. 15 shows
the alignment and precession time-scales in the Bardeen—Petterson
and solid body regimes as well as the characteristic external inflow
time-scale (defined as Tiynow = Ma/Minfiow) and the binary inspiral
time-scale.

We first focus on the angular momentum evolution in the equal-
mass, aligned binary case (bin_gli0). Due to the inflows from the

MNRAS 532, 60-88 (2024)

mini discs, the angular momentum versorjy (and therefore the total
Versorjy,) is driven towards alignment with the pole. As discussed
in the previous section,j,,, may only change due to external inflows,
and therefore thej,, evolution follows the same pattern in all of the
bin_g1i0 runs. From Fig. 15, we can see that the mean inflow time-
scale varies between ~20 and 100 Myr (light-blue and light-red solid
lines) and hencejy, aligns with the poles during the duration of the
simulation.
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Figure 14. Left panel: Time evolution of the polar angles of the total (solid lines), SMBH (dashed lines), and accretion disc (dotted lines) angular momentum
versor for the primary (blue lines) and secondary SMBHs (red lines). The insets show the ratio between the truncation and warp radius, indicating the precession
regime of the system. Right panel: To better illustrate the evolution of the versor alignment and precession, we also plot the offset angle between the total versor
and SMBH/disc versors. For the bin_q1i0 set-up (left columns), the accretion disc alignment is mainly driven by angular momentum inflows from the mini
discs, whilst the SMBH alignment depends on the subgrid model and interplay between the different Lense—Thirring regimes. For the bin_q3i45 set-up (right
columns), the inflows from the mini discs are less coherent, so both disc and SMBH alignment are sensitive to the accretion disc model.

The alignment and precession of the accretion disc and SMBH
angular momentum versors, however, depends significantly on the
accretion disc model assumed. With the thin disc model (first
row), the disc is in the Bardeen—Petterson configuration, where
the SMBH and spin versors may efficiently realign, both being
driven towardsj,,, on an alignment time-scale of a few 100 Myr
(see light-blue and light-red dotted lines in Fig. 15). Considering
the evolution of the angle betweenjy,, and the disc and SMBH
versors in the right-hand panel of Fig. 14, we can see that the
disc efficiently aligns withji,, as both the external inflows and the
Bardeen—Petterson alignment work in tandem. For the SMBH, on
the other hand, the inflows drivej,,; away from the SMBH versor so
that there is a phase where the misalignment angle increases. Though

eventually, as the inflow time-scale increases, Bardeen—Petterson
alignment becomes more efficient. Overall the SMBH spin evolution
is dominated by the alignment process, as the precession time-scale
in the Bardeen—Petterson configuration is much longer (Zprec, s ~
103 Myr), exceeding the runtime of our idealized set-up.

With the unified accretion disc model (second to fourth rows), we
get significantly different behaviour. As the disc is in the truncated
state, the relevant Lense—Thirring precession regime is determined by
the ratio between the truncation radius and the warp radius from the
Bardeen—Petterson alignment process of the outer thin disc (shown
as inset panels in Fig. 14). If the truncation radius is larger than the
warp radius, then the outer disc is feeding misaligned material to
the inner hot flow which therefore enters the solid-body-precession

MNRAS 532, 60-88 (2024)
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Figure 15. Lense-Thirring time-scales for the bin_q1i0 and bin_g3i45 simulations in the left and right panels, respectively. We plot the alignment time-scales
(dark lines) and precession time-scales (light lines) for the solid body precession regime (dashed lines) and Bardeen—Petterson regime (dotted lines). The time-
scales for the primary are colour-coded in blue, whilst the time-scales for the secondary are colour-coded in red. The grey-shaded region indicates time-scales
exceeding the Hubble time. For reference, we also plot the inflow time-scales from the mini discs as shaded regions (instantaneous) and solid lines (binned).
Furthermore, we show the binary inspiral time-scale as a thick light purple dash-dotted line. The interplay of external inflows and solid body precession as well
as Bardeen—Petterson alignment all influence the spin alignment in our simulations, as all of the relevant time-scales for these processes are in a similar range

to the simulation runtime.

mode, characteristic of misaligned thick discs (see Section 2.5.2 for
details).

With the uniadios model (second row), we have a short period of
Bardeen—Petterson alignment followed by solid-body precession for
the remainder of the simulation. In the case of the disc the precession
angle is steadily decreasing as the total angular momentum versor
is being driven towards the poles. For the SMBH versor, on the
other hand, as the precession is in antiphase (close to the pole), the
total angular momentum versor is moving towards the SMBH versor
and the precession angle is decreasing. When the SMBH precession
has completed a full cycle (far from the pole), the total angular
momentum versor is moving away from the SMBH versor and the
precession angle increases. These small oscillations can be seen in
the third panel of the second row in Fig. 14, which as expected,
are shifted from the precession motion by half a phase. Overall this
means that the mean precession angle is approximately conserved,
with the SMBH versor following the translational motion of the total
versor, thereby also aligning with the poles and the disc angular
momentum.

With the uniadios_winds model (third row), we also take wind-
loss into account which leads to lower SMBH masses and therefore
lower (auxiliary) Eddington fractions and smaller truncation radii.
For the bin_gli0 simulation, the truncation radius to warp radius
ratio is relatively close to one (see insets in left-hand panels of
Fig. 14), so that the system is highly sensitive to small changes in
the truncation radius and the secondary SMBH dips back into the
Bardeen—Petterson regime at t+ = 20 Myr for the uniadios_winds
set-up. This change-over occurs when the SMBH is in antiphase
(close to the poles), so that now the SMBH and the total versor
are being driven towards one another by both the external inflows
and the Bardeen—Petterson alignment. Meanwhile, whilst the disc
is far away from the pole, the disc angular momentum is directly
affected by the external inflows (with a higher fractional change
than the total versor) and therefore also realigns rapidly with
the poles. At t = 40 Myr, when the system re-enters the solid-
body precession regime, both the disc and the SMBH versor are
within 10° of the total versor, so that we only have small-scale
precession for the remainder of the simulation. Remarkably, the
interplay between the Bardeen—Petterson regime and solid-body
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precession leads to even more efficient alignment than the thin disc
model.

In the fourth row of Fig. 14, we also show the time evolution of
the polar and precession angles for the slow precession model for
truncated discs following Bollimpalli et al. (2023). Due to the longer
precession period, the SMBH versor remains in the phase space
where the total versor is receding and therefore the offset angle
for the SMBH is steadily increasing. Hence with this model, the
final SMBH versor is the least aligned out of all set-ups considered.
Note that including wind loss (bin_qli0_uniadios_winds_slowprec,
not shown here) leads to very similar results as in neither case a
significant re-orientation of the SMBH versor is achieved.

Next, we analyse the precession and alignment patterns in the
non-equal-mass, misaligned binary simulations bin_g3i45 shown in
the second columns of the two panels in Fig. 14. We find that in
this misaligned scenario the primary total versor is initially already
in close alignment with the disc, leading to efficient realignment
of the primary disc and SMBH versors with Af ¢ < 20° for all
accretion disc models explored (see right-hand panel of Fig. 14).
For the secondary SMBH, the initial offset angle is much larger and
the inflow time-scale increases dramatically at # = 40 Myr (see Fig.
15), so that alignment is much less efficient. We also note that the
accretion from the mini discs for the misaligned simulations is highly
stochastic and incoherent (Bourne et al. 2023), so that the evolution
of the total versors (see left-hand panel of Fig. 14) slightly differs
between the different simulations performed.

With the thin-disc model, the initial Bardeen—Petterson alignment
time-scale for both SMBHs is a few 100 Myr. This remains relatively
constant for the primary, however, for the secondary SMBH the
alignment time-scale steadily increases from ¢ ~ 40 Myr onwards,
significantly slowing down the disc alignment. Note that since the
inflows for the misaligned binary case are much less coherent we do
not observe the slowing down of the SMBH versor alignment that we
saw with the equal-mass binary. As discussed in Bourne et al. (2023),
there is some small precessional motion for both the disc and the total
versor due to the incoherent inflows from the mini discs which are
realigning with the outer CBD. It is worth noting that the realignment
process slightly differs in our simulation from the set-up presented in
Bourne et al. (2023) as they have a different randomly chosen initial
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SMBH versor orientation, which is much more significantly offset
for the primary SMBH leading to less efficient alignment with the
mini discs.

With the unified accretion disc model, we obtain several
changeovers between the Bardeen—Petterson and solid-body regime
due to the stronger variation of the Eddington fraction in the
misaligned case (see Fig. 8). First, we focus on the set-up without
wind loss, uniadios, in the second row of Fig. 14. For the primary
and secondary SMBH, we initially have a period of Bardeen—
Petterson alignment and then transfer into the solid-body precession
at t = 5Myr and ¢ = 15 Myr, respectively. During the solid-body
precession period, we again have the precession angle decreasing for
the disc versor as the external inflows provide additional realignment,
whilst the SMBH precession angle remains constant. The primary
and secondary SMBH then switch back to the Bardeen—Petterson
configuration at z ~ 20 Myr, further aligning with the total versor until
t = 40 Myr and ¢ = 50 Myr, respectively. Having further realigned,
the SMBHs then carry out solid-body precession at a reduced angle
for the remainder of the simulation. Note that the disc precession
angle only marginally decays in this second phase of solid body
precession as the angular momentum inflow rates are less coherent.

With wind loss, uniadios_winds (third row), we obtain qualitatively
similar behaviour for the primary SMBH, although the second
Bardeen—Petterson alignment phase is significantly prolonged as the
SMBH mass grows more slowly, leading to a smaller truncation
radius. This leads to a reduced precession angle in the second solid-
body precession phase. For the secondary SMBH, on the other hand,
the smaller truncation radius means that the BH-disc system remains
in the Bardeen—Petterson configuration until # ~ 40 Myr and then
transfers to the solid body precession regime with a significantly
reduced precession angle.

Finally, we also consider the modified set-up, where the preces-
sion rates are reduced by 95 percent in the truncated disc mode,
uniadios_slowprec. As with the bin_qli0 set-up, this means that the
SMBH versors are lagging behind the total versor alignment due to
external inflows throughout, so that the precession angle increases,
leading to a larger final offset angle for the primary SMBH. The
secondary SMBH experiences a similar albeit much smaller effect as
it spends significantly less time in the solid body precession phase.

4.3.5 Summary and implications of angular momentum evolution

Figs 10 and 13 clearly show that the accretion disc subgrid model has
a significant impact on the spin alignment and precession process.
In the truncated disc regime, precession is much more prevalent
with the SMBH spin versors covering a large solid angle. This has
crucial implications for distributed feedback, in particular in the
context of spin-driven jets (see Section 5.2.2 for a more detailed
discussion of implications for AGN feedback). Also note that VLA
and Merlin observations have uncovered precessing jets with inferred
precession periods of 1-10 Myr (Krause et al. 2019). Whilst this
could be attributed to geodetic precession, it would also be consistent
with solid-body precession in the truncated disc regime within our
framework and LOFAR is expected to shed more light on the origin
of these variability patterns (e.g. Horton, Krause & Hardcastle 2023).

Furthermore, it is interesting to note that despite the alignment
torques between the accretion disc and SMBH being extremely
weak in the ADAF/ADIOS regime, the SMBH may still realign
with the disc if the external inflow time-scale matches the pre-
cession time-scale. Furthermore, Bardeen—Petterson alignment may
be accelerated if the solid body precession reorientates the SMBH
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versor towards the mini discs. On the other hand, if the precession
process is slowed down significantly due to additional torques in
the truncated disc state (Bollimpalli et al. 2023), then the spins will
not align within the inspiral time-scale, with crucial implications
for recoil predictions, influencing merger rates and the gravitational
wave background.

5 DISCUSSION

We have developed a unified accretion disc model suitable for galaxy
formation simulations that can resolve the outer edge of the accretion
disc. Our work builds on the thin disc model prescription presented
in Fiacconi et al. (2018) and extends this scheme by harnessing the
results from high-resolution GR(R)MHD simulations of accretion
discs. Our model spans a range of radiative regimes from the optically
thin, geometrically thick discs to the optically thick, geometrically
thin discs via a truncated disc configuration. We also track the
SMBH spin evolution with a disc-state-dependent Lense—Thirring
precession model. Our predictions for the SMBH spin alignment
and precession as well as SMBH luminosities are highly sensitive to
the disc state with important implications for future multimessenger
observational campaigns which we outline in Section 5.1. We also
discuss the caveats of our model and important future extensions in
Section 5.2.

5.1 Implications for observations

Parsec-scale SMBH binaries have proved extremely challenging to
observe, with only a handful of detections so far (Rodriguez et al.
2006; Bansal et al. 2017; Kharb et al. 2017), as these are in the regime
where extremely high angular resolution is necessary to resolve
the binary, however, the SMBHs are not close enough to display
significant variability on observable time-scales. This makes radio
interferometers the tool of choice for searching for these binaries and
future facilities such as SKA or ngVLA are expected to significantly
increase sample sizes (e.g. Burke-Spolaor et al. 2018), though see a
cautionary note from D’Orazio & Charisi (2023).

To estimate radio luminosities, it is crucial to have reliable
estimates for the mass accretion rates, spin orientations, and solid
angles (e.g. Mangiagli et al. 2022). With our unified accretion disc
model, we can estimate all of the relevant quantities and make
predictions for the jet luminosities depending on the disc state which
reveals a much more promising avenue for detecting SMBH binaries
accreting at intermediate luminosities than the thin disc modelling
(see Fig. 9).

According to analytical calculations, our binary system should
have an inspiral time-scale of < 10° Myr (see Fig. 15), so this
represents a precursor to the gravitational-wave-emitting binaries.
Nevertheless it is crucial to make predictions for these precursor
luminosities, in particular for X-ray confirmations (Piro et al. 2023).

Furthermore, accurate AGN modelling will be crucial for dual
AGN (and close pairs) searches with JWST where recent tantalizing
observations have revealed hints at a large fraction of candidate
dual AGN (Maiolino et al. 2023; Ubler et al. 2023), highlighting
the importance of imaging spectroscopy in tracking SMBH mergers
throughout cosmic time. Combined with results from gravitational
wave interferometers, these JWST constraints can provide crucial
constraints on the merging SMBH population (e.g. Padmanabhan &
Loeb 2024).

The AGN lifetime and dynamical evolution of the binary in
our simulations also provide important information for astrometric
searches for SMBH binaries with Gaia (e.g. D’Orazio & Loeb 2019).

MNRAS 532, 60-88 (2024)
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Finally, our spin evolution predictions play an important role
in estimating the gravitational wave background signal as they
determine the recoil velocity of the SMBH remnant — in particular
large and misaligned SMBH spins may lead to recoil velocities of
~ 5000 kms~! (Lousto & Zlochower 2011, 2013; Lousto & Healy
2019) which would have a significant impact on SMBH occupation
fractions and merger rates.

5.2 Caveats and future work

5.2.1 Accretion modelling

We have extended the thin disc model from Fiacconi et al. (2018)
into the heavily sub-Eddington regime based on the ADAF/ADIOS
models. However, we note that there are several other disc models that
have been proposed for the radiatively inefficient accretion regime,
including convection-dominated accretion flows (CDAFs; Narayan,
Igumenshchev & Abramowicz 2000; Quataert & Gruzinov 2000)
or more recently simple convective flows (Xu 2023) and strongly
magnetized Bondi models (Cho et al. 2023). Li, Ostriker & Sunyaev
(2013) carried out an extensive simulation suite, capturing the
accretion flows from Bondi scale to the small scale and demonstrated
how the inflow and outflow patterns will change as a function of
cooling. Similarly, they show how strong outflows suppress the Bondi
rate, however, they also demonstrate a strong dependence on cooling.
Note that in principle, we could incorporate these accretion flow
scenarios within our framework by varying the s parameter from
the ADIOS wind loss model, which effectively sets the flow density
profile. However, this is beyond the scope of this paper and we plan
to investigate the impact of s parameter choices more systematically
in the future.

Whilst this work has focused on the radiatively inefficient regime,
in the future it will also be important to further consider the disc
modelling in the radiatively efficient regime. Several recent studies
have questioned and improved the standard thin «-disc model (e.g.
Jiang et al. 2019) and this will require careful consideration to
improve the predictions of our model in the quasar regime.

Misaligned discs experience radius-dependent Lense—Thirring
torques. How these differential torques are communicated depends
on the accretion disc regime. In our unified accretion disc model, we
evolve the SMBH spin according to the Bardeen—Petterson alignment
(Bardeen & Petterson 1975) in the thin disc state and following the
solid body precession model from Fragile et al. (2007) in the thick
disc state. We also include the possibility of slowed down solid body
precession in the truncated disc regime (Bollimpalli et al. 2023).
However, GR(R)MHD simulations paint an even more complex
picture, including disc tearing (e.g. Liska et al. 2023b) which could
suppress Bardeen—Petterson alignment (e.g. Steinle & Gerosa 2023)
and induce phase lags between the inner hot flow and outer thin
disc (e.g. Liska et al. 2023a). Furthermore, if the thick disc is in the
magnetically arrested state, strong magneto-spin alignment could
significantly suppress solid body precession (e.g. McKinney et al.
2013; Chatterjee et al. 2023).

Finally, another crucial future extension to our model will be to
incorporate the super-Eddington regime. This accretion disc regime
may be particularly important in the early Universe, where JWST is
starting to uncover a population of overmassive AGN (compared to
the local scaling relations) which could stem from sustained super-
Eddington accretion episodes (e.g. Goulding et al. 2023; Maiolino
et al. 2023). Furthermore, cosmological simulations show that there
is likely enough gas present around the early SMBHs for super-
Eddington accretion (e.g. Rennehan et al. 2023; Bennett et al. 2024;
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JuodzZbalis et al. 2024). Note that many of the key physical properties
of our ADIOS modelling in the sub-Eddington regime will also apply
to the super-Eddington regime. The latter is advection-dominated due
to the long radiative diffusion times (rather than long cooling times,
see Yuan & Narayan 2014), so that the radiative efficiency drops in
the super-Eddington regime and accretion (as well as jets) cause the
SMBH to spin down (also see Ricarte et al. 2023; Lowell et al. 2024).

5.2.2 Feedback modelling

Within our current framework we only model gas accretion through
a unified accretion disc model. For some model variations we take
into account mass-loss through a wind, however, we do not yet re-
inject the wind mass into the simulation. The obvious next step is to
incorporate AGN feedback mechanisms into our model. The most
straightforward extension here would be to incorporate ADIOS winds
with the mass loading directly informed by the wind mass-loss in our
model. The momentum and energy loading of the wind could then be
inferred from the kinetic wind efficiencies obtained from GRMHD
simulations (e.g. Tchekhovskoy et al. 2012; Sadowski et al. 2013;
Sadowski & Gaspari 2017). We note that the thin disc component is
also expected to drive winds, in particular at high Eddington fractions,
and including these winds would be an important extension for future
work (also see Sala et al. 2021), representing the ‘quasar mode’
feedback employed in cosmological simulations which is especially
crucial in the early Universe. In addition to wind feedback, radiative
feedback would be another important channel to consider. Here our
unified accretion disc model provides the ideal starting point as we
could base the AGN emission on the subgrid accretion disc state.

Moreover, AGN jets are an ubiquitous phenomenon and are likely
powered by the SMBH spin energy extraction via the Blandford-
Znajek (BZ) mechanism (Blandford & Znajek 1977). Talbot et al.
(2021) have coupled spin-driven BZ jets self-consistently with the
thin disc model from Fiacconi et al. (2018) and considered their
evolution in Seyfert galaxies (Talbot et al. 2022) and a galaxy merger
(Talbot et al. 2024). In future work, it would be timely to extend
this scheme to include spin-driven jets across different accretion disc
types (also see Husko et al. 2022, 2024). In particular, the solid body
precession model could have a crucial impact here leading to more
‘distributed’ jet feedback. Note that the precession periods in the solid
body regime are highly uncertain (see Fig. 4), and there are hints at
Lense—Thirring precession in AGN on the scale of ~10 yr (Cui et al.
2023; von Fellenberg et al. 2023). In terms of AGN subgrid models,
this would imply that for time-scales relevant for galaxy formation
the AGN feedback would be effectively distributed over a cone,
which may significantly increase its impact and potentially lead to
more direct interaction with the interstellar medium as demonstrated
in idealized simulations of precessing jets by Su et al. (2021).

5.2.3 Porting the unified accretion disc model to cosmological
simulations

In addition to improving the subgrid SMBH modelling, it will also
be crucial to move towards more realistic environments and test
different accretion regimes. We found that more chaotic accretion,
such as in the misaligned binary case, can have a significant impact
on luminosities and spin evolution so a natural next step would be to
test this framework within galaxy merger simulations (also see Liao
et al. 2023; Talbot et al. 2024). Furthermore, extending our model
to cosmological zoom-in simulations will allow us to track the mass
and angular momentum flows from the cosmological environment
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down to the scale of the accretion disc. For the zoom-in simulations,
the super-Lagrangian refinement technique will permit us to reach
the required resolution (also see Curtis & Sijacki 2016a; Bourne,
Sijacki & Puchwein 2019; Anglés-Alcazar et al. 2021; Bourne &
Sijacki 2021; Hopkins et al. 2024a, b). For large cosmological
volumes, applying the super-Lagrangian refinement technique to
the central regions of tens of thousands of galaxies, however, is
computationally infeasible. One avenue to circumvent these issues
could involve using machine-learning techniques such as generative
adversarial networks or learned coarse models using convolutional
neural networks (e.g. Li et al. 2021; Stachenfeld et al. 2021). This
would require appropriate training data sets covering the vast range
of relevant scales and different environments and could build on
recent pilot projects pioneering this approach for subgrid models in
planet formation (e.g. Pfeil et al. 2022).

Finally, our unified accretion disc model could be modified for
lower resolution applications, in particular for the SMBH mass
evolution. Here more coarse-grained prescriptions such as the Bondi
model or the torque-based accretion model could provide an estimate
of the inflow rate onto the disc. The accretion disc could then act as
a gas reservoir that gets drained on the viscous time-scale which
gets calculated in a disc-state dependent fashion. Similar approaches
have already been introduced in the literature (e.g. Power et al.
2011; Wellons et al. 2023), however, these employ either a constant
viscous time-scale or a viscous time-scale based on the thin «-disc
model, whereas our approach would also be directly applicable in
the radiatively inefficient regime and therefore appropriate for both
the quasar and radio mode in cosmological simulations.

6 CONCLUSIONS

We have developed a novel unified accretion disc model designed to
be embedded in galaxy formation simulations. Drawing inspiration
from high-resolution GR(R)MHD simulations, our model tracks
mass flows through three distinct disc states and evolves the SMBH
spin based on disc-state-dependent Lense—Thirring precession mod-
els. This innovative accretion disc framework has been integrated
into the moving mesh code AREPO, and our work includes a
comprehensive suite of validation simulations. These simulations
encompass idealized scenarios featuring single SMBHs and binary
SMBHs embedded in gaseous discs, with variations in mass ratio,
inclination angle, and subgrid accretion disc models. Our key findings
are summarized below.

(i) The ADIOS model predicts substantial wind loss in the thick
disc regime, leading to a significant suppression of gas mass accretion
rates onto SMBHs by an order of magnitude or more. Additionally,
the decrease in radiative efficiency within the advection-dominated
accretion regime results in luminosity estimates that are decreased
by another order of magnitude. Consequently, predictions for the
luminosities of electromagnetic counterparts of SMBH binaries
exhibit significant sensitivity to the disc state.

(ii) Hence, it is imperative to incorporate these realistic accretion
disc models when forecasting outcomes for future missions both
for single and binary SMBHs. Specifically, our unified accretion
disc model reveals a drastic reduction in the redshift range for
accretion disc luminosities compared to predictions based on the
thin «-disc model, regardless of whether winds are accounted for.
This has important implications for SMBH binary searches in the
X-ray, optical, and infrared. Furthermore, the predicted spectrum
undergoes significant shifts, with the luminosity being dominated by
the hard inner hot flow.
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(iii) Fortheradio jetluminosities, on the other hand, the situation is
reversed with the unified accretion disc model predictions much more
favourable than the thin disc predictions, since the geometrically
thick ADIOS flow leads to significantly more efficient jet production.
We predict that future VLBI searches with SKA and the ngVLA
should significantly increase the known samples of parsec-scale
binaries.

(iv) The evolution of the spin magnitude depends only mildly on
the disc state, primarily due to relatively low external inflow rates
in all cases considered here. We note however, that depending on
the disc state adopted we predict for the same large-scale gas inflow,
the SMBH spin may either increase or decrease. Clearly, in case of
higher and more variable accretion rates, significant differences in
the spin magnitude evolution are expected.

(v) Importantly, the SMBH spin direction’s evolution is markedly
influenced by the assumed disc model, ranging from slow alignment
in the Bardeen—Petterson configuration to fast solid-body precession
in the truncated disc regime. This has important implications for
the impact of jet-mode feedback on galaxies and the circumgalactic
medium, as more rapid precession would result in distributing the jet
energy over a larger volume.

(vi) For binary systems, the variations in spin evolution could
significantly impact recoil velocities, consequently influencing BH
merger rates and the gravitational wave background.

This model provides a crucial advancement in AGN accretion
modelling, and there are numerous promising avenues for extensions,
including spatially resolved feedback. In the near future, next-
generation cosmological simulations, incorporating this type of
subgrid physics, will be able to give us unprecedented insights into
the complex interplay of SMBHs and their host galaxies, and provide
the scientific community with much needed robust predictions for
the era of multimessenger science.

ACKNOWLEDGEMENTS

The authors would like to thank the referee for a thorough review
which improved the quality of the manuscript. Furthermore, the
authors are grateful to Alexander Tchekhovskoy, Beverly Lowell,
Matthew Liska, Jenny Greene, Shy Genel, Angelo Ricarte, Doug
Rennehan, and Samuel Turner for useful discussions during the
development of this work. The authors would also like to thank
Lucy Reading-Ikkanda at the Simons Foundation for creating the
illustration of our model in Fig. 1. SK is supported by a Flatiron
Research Fellowship at the Flatiron Institute, a division of the Simons
Foundation and a Junior Research Fellowship from St Catharine’s
College, Cambridge. SK, MAB, and DS acknowledge support by
European Research Council Starting Grant 638707 ‘Black holes
and their host galaxies: coevolution across cosmic time’. MAB
and DS additionally acknowledge support from the Science and
Technology Facilities Council (STFC). KP is supported by the
Simons-NSBP Scholars Program. This work was supported by the
Simons Collaboration on ‘Learning the Universe’. The computations
in this work were, in part, run at facilities supported by the Scientific
Computing Core at the Flatiron Institute, a division of the Simons
Foundation. This work used the DIiRAC Data Intensive service
(CSD3) at the University of Cambridge, managed by the University of
Cambridge University Information Services on behalf of the STFC
DiRAC HPC Facility (www.dirac.ac.uk). The DiRAC component
of CSD3 at Cambridge was funded by BEIS, UKRI, and STFC
capital funding and STFC operations grants. This work used the
DiRAC Memory Intensive service (Cosma8) at Durham University,

MNRAS 532, 60-88 (2024)

Gz0z Jequisldas 6 uo 1sanb Aq //1069/2/09/1/2ES/o10n4E/Seiulw/woo dnoolwapeoe//:sdiy Woll papeojumod


file:www.dirac.ac.uk

86  S. Koudmani et al.

managed by the Institute for Computational Cosmology on behalf
of the STFC DiRAC HPC Facility (www.dirac.ac.uk). The DiRAC
service at Durham was funded by BEIS, UKRI, and STFC capital
funding, Durham University and STFC operations grants. DiRAC is
part of the UKRI Digital Research Infrastructure.

DATA AVAILABILITY

The data underlying this article will be shared on reasonable request
to the corresponding author.

REFERENCES

Abbott R. et al., 2020, Phys. Rev. Lett., 125, 101102

Agazie G. et al., 2023a, ApJ, 951, L8

Agazie G. et al., 2023b, ApJ, 952, L37

Agazie G. et al., 2024, ApJ, 966, 105

Anglés-Alcéazar D., Ozel E, Davé R., 2013, Apl, 770, 5

Anglés-Alcdzar D., Davé R., Faucher-Giguere C.-A., Ozel F., Hopkins P. F.,
2017, MNRAS, 464, 2840

Anglés-Alcazar D. et al., 2021, ApJ, 917, 53

Antoniadis J. et al., 2023, A&A, 678, A50

Aravindan A., Liu W., Canalizo G., Veilleux S., Bohn T., Sexton R. O., Rupke
D.S.N,, UV, 2023, ApJ, 950, 33

Balbus S. A., 1991, ApJ, 372, 25

Balbus S. A., Hawley J. F.,, 1998, Rev. Mod. Phys., 70, 1

Bambic C. J., Russell H. R., Reynolds C. S., Fabian A. C., McNamara B. R.,
Nulsen P. E. J., 2023, MNRAS, 522, 4374

Bansal K., Taylor G. B., Peck A. B., Zavala R. T., Romani R. W., 2017, AplJ,
843, 14

Barausse E., 2012, MNRAS, 423, 2533

Bardeen J. M., Petterson J. A., 1975, ApJ, 195, L65

Bardeen J. M., Press W. H., Teukolsky S. A., 1972, ApJ, 178, 347

Beckmann R. S. et al.,, 2019, A&A, 631, A60

Bennett J. S., Sijacki D., 2020, MNRAS, 499, 597

Bennett J. S., Sijacki D., Costa T., Laporte N., Witten C., 2024, MNRAS,
527,1033

Berti E., Volonteri M., 2008, ApJ, 684, 822

Blandford R. D., Begelman M. C., 1999, MNRAS, 303, L1

Blandford R. D., Payne D. G., 1982, MNRAS, 199, 883

Blandford R. D., Znajek R. L., 1977, MNRAS, 179, 433

Bogdanovi¢ T., Miller M. C., Blecha L., 2022, Living Rev. Relat., 25, 3

Bollati F,, Lupi A., Dotti M., Haardt F., 2023a, MNRAS, 520, 3696

Bollati F,, Lupi A., Dotti M., Haardt F., 2023b, preprint (arXiv:2311.07576)

Bollimpalli D. A., Fragile P. C., Kluzniak W., 2023, MNRAS, 520, L79

Bondi H., 1952, MNRAS, 112, 195

Bondi H., Hoyle F., 1944, MNRAS, 104, 273

Bourne M. A., Sijacki D., 2021, MNRAS, 506, 488

Bourne M. A., Sijacki D., Puchwein E., 2019, MNRAS, 490, 343

Bourne M. A, Fiacconi D., Sijacki D., Piotrowska J. M., Koudmani S., 2023,
preprint (arXiv:2311.17144)

Braun R., Bonaldi A., Bourke T., Keane E., Wagg J., 2019, preprint
(arXiv:1912.12699)

Burke-Spolaor S. et al., 2018, preprint (arXiv:1808.04368)

Bustamante S., Springel V., 2019, MNRAS, 490, 4133

Cavagnolo K. W., McNamara B. R., Nulsen P. E. J., Carilli C. L., Jones C.,
Birzan L., 2010, ApJ, 720, 1066

Cenci E., Sala L., Lupi A., Capelo P. R., Dotti M., 2021, MNRAS, 500, 3719

Chatterjee K., Liska M., Tchekhovskoy A., Markoff S., 2023, preprint
(arXiv:2311.00432)

Cho H., Narayan R., 2022, ApJ, 932, 97

Cho H., Prather B. S., Narayan R., Natarajan P., Su K.-Y., Ricarte A,
Chatterjee K., 2023, ApJ, 959, L.22

Civano F. et al., 2024, Front. Astron. Space Sci., 11, 1340719

Cui Y. et al., 2023, Nature, 621, 711

Curtis M., Sijacki D., 2015, MNRAS, 454, 3445

MNRAS 532, 60-88 (2024)

Curtis M., Sijacki D., 2016a, MNRAS, 457, L34

Curtis M., Sijacki D., 2016b, MNRAS, 463, 63

D’Orazio D. J., Charisi M., 2023, preprint (arXiv:2310.16896)

D’Orazio D. J., Loeb A., 2019, Phys. Rev. D, 100, 103016

Davis F. et al., 2022, MNRAS, 511, 4109

De Rosa A. et al., 2019, New Astron. Rev., 86, 101525

Dittmann A. J., Ryan G., 2022, MNRAS, 513, 6158

Dittmann A. J., Ryan G., 2024, ApJ, 967, 12

Dotti M., Colpi M., Pallini S., Perego A., Volonteri M., 2013, ApJ, 762, 68

Dubois Y., Volonteri M., Silk J., Devriendt J., Slyz A., 2014, MNRAS, 440,
2333

Dubois Y. et al., 2021, A&A, 651, A109

Esin A. A., McClintock J. E., Narayan R., 1997, ApJ, 489, 865

Fanidakis N., Baugh C. M., Benson A. J., Bower R. G., Cole S., Done C.,
Frenk C. S., 2011, MNRAS, 410, 53

Fiacconi D., Sijacki D., Pringle J. E., 2018, MNRAS, 477, 3807

Fragile P. C., Blaes O. M., Anninos P., Salmonson J. D., 2007, ApJ, 668, 417

Franchini A., Lupi A., Sesana A., 2022, ApJ, 929, L13

Gaspari M., Sadowski A., 2017, ApJ, 837, 149

Giustini M., Proga D., 2019, A&A, 630, A9%4

Goulding A. D. et al., 2023, ApJ, 955, L24

Greene J. E., Strader J., Ho L. C., 2020, ARA&A, 58, 257

Guo M., Stone J. M., Kim C.-G., Quataert E., 2023, ApJ, 946, 26

Haidar H. et al., 2022, MNRAS, 514, 4912

Harikane Y. et al., 2023, ApJ, 959, 39

Hogg J. D., Reynolds C. S., 2018, ApJ, 854, 6

Honma F., 1996, PASJ, 48, 77

Hopkins P. F., Quataert E., 2011, MNRAS, 415, 1027

Hopkins P. F. et al., 2024a, Open J. Astrophys., 7, 18

Hopkins P. F. et al., 2024b, Open J. Astrophys., 7, 19

Horton M. A., Krause M. G. H., Hardcastle M. J., 2023, MNRAS, 521, 2593

Hoyle F,, Lyttleton R. A., 1939, Math. Proc. Camb. Phil. Soc., 35, 405

Husko F,, Lacey C. G., Schaye J., Schaller M., Nobels F. S. J., 2022, MNRAS,
516, 3750

Husko F,, Lacey C. G., Schaye J., Nobels F. S. J., Schaller M., 2024, MNRAS,
527, 5988

Inayoshi K., Ichikawa K., Ostriker J. P., Kuiper R., 2019, MNRAS, 486, 5377

Ingram A., Done C., 2011, MNRAS, 415, 2323

Ingram A. R., Motta S. E., 2019, New Astron. Rev., 85, 101524

Ingram A., Done C., Fragile P. C., 2009, MNRAS, 397, L101

Jiang Y.-F,, Blaes O., 2020, ApJ, 900, 25

Jiang Y.-F., Blaes O., Stone J. M., Davis S. W., 2019, ApJ, 885, 144

Juodzbalis I. et al., 2024, preprint (arXiv:2403.03872)

Kharb P, Lal D. V., Merritt D., 2017, Nat. Astron., 1, 727

King A. R., Lubow S. H., Ogilvie G. I, Pringle J. E., 2005, MNRAS, 363, 49

King A. R., Pringle J. E., Hofmann J. A., 2008, MNRAS, 385, 1621

Kormendy J., Ho L. C., 2013, ARA&A, 51, 511

Koudmani S., Henden N. A., Sijacki D., 2021, MNRAS, 503, 3568

Koudmani S., Sijacki D., Smith M. C., 2022, MNRAS, 516, 2112

Krause M. G. H. et al., 2019, MNRAS, 482, 240

Krumholz M. R., McKee C. F, Klein R. L., 2005, ApJ, 618, 757

Lagos C. D. P, Padilla N. D., Cora S. A., 2009, MNRAS, 395, 625

Lagos C. D. P. et al., 2024, MNRAS, 531, 3551

Lalakos A. et al., 2022, ApJ, 936, L5

Lalakos A., Tchekhovskoy A., Bromberg O., Gottlieb O., Jacquemin-Ide J.,
Liska M., Zhang H., 2024, ApJ, 964, 79

Latif M. A., Whalen D. J., Mezcua M., 2024, MNRAS, 527, L37

Lense J., Thirring H., 1918, Phys. Z., 19, 156

LiJ., Ostriker J., Sunyaev R., 2013, ApJ, 767, 105

Li Y, NiY, Croft R. A. C., Di Matteo T., Bird S., Feng Y., 2021, Proc. Natl
Acad. Sci. USA, 118, €2022038118

Liao S. et al., 2023, MNRAS, 520, 4463

Liska M., Hesp C., Tchekhovskoy A., Ingram A., van der Klis M., Markoff
S., 2018, MNRAS, 474, L81

Liska M., Tchekhovskoy A., Ingram A., van der Klis M., 2019, MNRAS,
487, 550

Liska M. T. P,, Musoke G., Tchekhovskoy A., Porth O., Beloborodov A. M.,
2022, ApJ, 935, L1

Gz0z Jequisldas 6 uo 1sanb Aq //1069/2/09/1/2ES/o10n4E/Seiulw/woo dnoolwapeoe//:sdiy Woll papeojumod


file:www.dirac.ac.uk
http://dx.doi.org/10.1103/PhysRevLett.125.101102
http://dx.doi.org/10.3847/2041-8213/acdac6
http://dx.doi.org/10.3847/2041-8213/ace18b
http://dx.doi.org/10.3847/1538-4357/ad36be
http://dx.doi.org/10.1088/0004-637X/770/1/5
http://dx.doi.org/10.1093/mnras/stw2565
http://dx.doi.org/10.3847/1538-4357/ac09e8
http://dx.doi.org/10.1051/0004-6361/202346844
http://dx.doi.org/10.3847/1538-4357/acca7c
http://dx.doi.org/10.1086/169951
http://dx.doi.org/10.1103/RevModPhys.70.1
http://dx.doi.org/10.1093/mnras/stad824
http://dx.doi.org/10.3847/1538-4357/aa74e1
http://dx.doi.org/10.1111/j.1365-2966.2012.21057.x
http://dx.doi.org/10.1086/181711
http://dx.doi.org/10.1086/151796
http://dx.doi.org/10.1051/0004-6361/201936188
http://dx.doi.org/10.1093/mnras/staa2835
http://dx.doi.org/10.1093/mnras/stad3179
http://dx.doi.org/10.1086/590379
http://dx.doi.org/10.1046/j.1365-8711.1999.02358.x
http://dx.doi.org/10.1093/mnras/199.4.883
http://dx.doi.org/10.1093/mnras/179.3.433
http://dx.doi.org/10.1007/s41114-022-00037-8
http://dx.doi.org/10.1093/mnras/stad329
http://arxiv.org/abs/2311.07576
http://dx.doi.org/10.1093/mnrasl/slac155
http://dx.doi.org/10.1093/mnras/112.2.195
http://dx.doi.org/10.1093/mnras/104.5.273
http://dx.doi.org/10.1093/mnras/stab1662
http://dx.doi.org/10.1093/mnras/stz2604
http://arxiv.org/abs/2311.17144
http://arxiv.org/abs/1912.12699
http://arxiv.org/abs/1808.04368
http://dx.doi.org/10.1093/mnras/stz2836
http://dx.doi.org/10.1088/0004-637X/720/2/1066
http://dx.doi.org/10.1093/mnras/staa3449
http://arxiv.org/abs/2311.00432
http://dx.doi.org/10.3847/1538-4357/ac6d5c
http://dx.doi.org/10.3847/2041-8213/ad1048
http://dx.doi.org/10.3389/fspas.2024.1340719
http://dx.doi.org/10.1038/s41586-023-06479-6
http://dx.doi.org/10.1093/mnras/stv2246
http://dx.doi.org/10.1093/mnrasl/slv199
http://dx.doi.org/10.1093/mnras/stw1944
http://arxiv.org/abs/2310.16896
http://dx.doi.org/10.1103/PhysRevD.100.103016
http://dx.doi.org/10.1093/mnras/stac068
http://dx.doi.org/10.1016/j.newar.2020.101525
http://dx.doi.org/10.1093/mnras/stac935
http://dx.doi.org/10.3847/1538-4357/ad2f1e
http://dx.doi.org/10.1088/0004-637X/762/2/68
http://dx.doi.org/10.1093/mnras/stu425
http://dx.doi.org/10.1051/0004-6361/202039429
http://dx.doi.org/10.1086/304829
http://dx.doi.org/10.1111/j.1365-2966.2010.17427.x
http://dx.doi.org/10.1093/mnras/sty893
http://dx.doi.org/10.1086/521092
http://dx.doi.org/10.3847/2041-8213/ac63a2
http://dx.doi.org/10.3847/1538-4357/aa61a3
http://dx.doi.org/10.1051/0004-6361/201833810
http://dx.doi.org/10.3847/2041-8213/acf7c5
http://dx.doi.org/10.1146/annurev-astro-032620-021835
http://dx.doi.org/10.3847/1538-4357/acb81e
http://dx.doi.org/10.1093/mnras/stac1659
http://dx.doi.org/10.3847/1538-4357/ad029e
http://dx.doi.org/10.3847/1538-4357/aaa6c6
http://dx.doi.org/10.1093/pasj/48.1.77
http://dx.doi.org/10.1111/j.1365-2966.2011.18542.x
http://dx.doi.org/10.21105/astro.2309.13115
http://dx.doi.org/10.21105/astro.2310.04506
http://dx.doi.org/10.1093/mnras/stad674
http://dx.doi.org/10.1017/S0305004100021150
http://dx.doi.org/10.1093/mnras/stac2278
http://dx.doi.org/10.1093/mnras/stad3548
http://dx.doi.org/10.1093/mnras/stz1189
http://dx.doi.org/10.1111/j.1365-2966.2011.18860.x
http://dx.doi.org/10.1016/j.newar.2020.101524
http://dx.doi.org/10.1111/j.1745-3933.2009.00693.x
http://dx.doi.org/10.3847/1538-4357/aba4b7
http://dx.doi.org/10.3847/1538-4357/ab4a00
http://arxiv.org/abs/2403.03872
http://dx.doi.org/10.1038/s41550-017-0256-4
http://dx.doi.org/10.1111/j.1365-2966.2005.09378.x
http://dx.doi.org/10.1111/j.1365-2966.2008.12943.x
http://dx.doi.org/10.1146/annurev-astro-082708-101811
http://dx.doi.org/10.1093/mnras/stab677
http://dx.doi.org/10.1093/mnras/stac2252
http://dx.doi.org/10.1093/mnras/sty2558
http://dx.doi.org/10.1086/426051
http://dx.doi.org/10.1111/j.1365-2966.2009.14451.x
http://dx.doi.org/10.1093/mnras/stae1024
http://dx.doi.org/10.3847/2041-8213/ac7bed
http://dx.doi.org/10.3847/1538-4357/ad0974
http://dx.doi.org/10.1093/mnrasl/slad102
http://dx.doi.org/10.1088/0004-637X/767/2/105
http://dx.doi.org/10.1073/pnas.2022038118
http://dx.doi.org/10.1093/mnras/stad412
http://dx.doi.org/10.1093/mnrasl/slx174
http://dx.doi.org/10.1093/mnras/stz834
http://dx.doi.org/10.3847/2041-8213/ac84db

Liska M., Hesp C., Tchekhovskoy A., Ingram A., van der Klis M., Markoff
S. B., 2023a, New Astron., 101, 102012

Liska M. T. P., Kaaz N., Musoke G., Tchekhovskoy A., Porth O., 2023b, ApJ,
944, 1.48

Liska M. T. P., Kaaz N., Chatterjee K., Emami R., Musoke G., 2024, ApJ,
966, 47

Liu B. F,, Taam R. E., 2009, ApJ, 707, 233

Liu W, Veilleux S., Canalizo G., Rupke D. S. N., Manzano-King C. M., Bohn
T., UV, 2020, ApJ, 905, 166

Lodato G., Pringle J. E., 2007, MNRAS, 381, 1287

Lousto C. O., Healy J., 2019, Phys. Rev. D, 100, 104039

Lousto C. O., Zlochower Y., 2011, Phys. Rev. Lett., 107, 231102

Lousto C. O., Zlochower Y., 2013, Phys. Rev. D, 87, 084027

Lowell B., Jacquemin-Ide J., Tchekhovskoy A., Duncan A., 2024, ApJ, 960,
82

Maiolino R. et al., 2023, preprint (arXiv:2308.01230)

Maiolino R. et al., 2024, Nature, 627, 59

Mangiagli A., Caprini C., Volonteri M., Marsat S., Vergani S., Tamanini N.,
Inchauspé H., 2022, Phys. Rev. D, 106, 103017

Manzano-King C. M., Canalizo G., Sales L. V., 2019, ApJ, 884, 54

Martin R. G., Pringle J. E., Tout C. A., 2007, MNRAS, 381, 1617

Martin R. G., Nixon C. J., Pringle J. E., Livio M., 2019, New Astron., 70, 7

Massonneau W., Dubois Y., Volonteri M., Beckmann R. S., 2023, A&A, 669,
Al43

McKinney J. C., Tchekhovskoy A., Blandford R. D., 2012, MNRAS, 423,
3083

McKinney J. C., Tchekhovskoy A., Blandford R. D., 2013, Science, 339, 49

Meier D. L., 2001, AplJ, 548, L9

Motta S. E., Franchini A., Lodato G., Mastroserio G., 2018, MNRAS, 473,
431

Narayan R., McClintock J. E., 2008, New Astron. Rev., 51, 733

Narayan R., Yi L., 1995, ApJ, 452,710

Narayan R., Igumenshchev I. V., Abramowicz M. A., 2000, ApJ, 539, 798

Narayan R., Chael A., Chatterjee K., Ricarte A., Curd B., 2022, MNRAS,
511, 3795

Nemmen R. S., Storchi-Bergmann T., Eracleous M., 2014, MNRAS, 438,
2804

Padmanabhan H., Loeb A., 2024, A&A, 684, L15

Papaloizou J. C. B., Pringle J. E., 1983, MNRAS, 202, 1181

Penny S. J. et al., 2018, MNRAS, 476, 979

Perego A., Dotti M., Colpi M., Volonteri M., 2009, MNRAS, 399, 2249

Pfeifle R., Weaver K., Cann J., Ogorzalek A., Bogdan A., Chakraborty P.,
2023, Bull. Am. Astron. Soc., 55, 110.27

Pfeifle R. W. et al., 2024, Front. Astron. Space Sci., 11, 1304652

Pfeil T., Cranmer M., Ho S., Armitage P. J., Birnstiel T., Klahr H., 2022,
preprint (arXiv:2211.04160)

Pillepich A. et al., 2018, MNRAS, 473, 4077

Piro L. et al., 2023, MNRAS, 521, 2577

Plotkin R. M., Reines A. E., 2018, preprint (arXiv:1810.06814)

Power C., Nayakshin S., King A., 2011, MNRAS, 412, 269

Pringle J. E., 1981, ARA&A, 19, 137

Quataert E., Gruzinov A., 2000, ApJ, 539, 809

Reardon D. J. et al., 2023, ApJ, 951, L6

Rennehan D., Babul A., Moa B., Davé R., 2023, preprint (arXiv:2309.15898)

Reynolds C. S., 2019, Nat. Astron., 3, 41

Reynolds C. S. et al., 2023, Proc. SPIE, 12678, 126781E

Ricarte A., Narayan R., Curd B., 2023, ApJ, 954, L22

Rodriguez C., Taylor G. B., Zavala R. T., Peck A. B., Pollack L. K., Romani
R. W., 2006, ApJ, 646, 49

Rosas-Guevara Y. M. et al., 2015, MNRAS, 454, 1038

Russell H. R., Fabian A. C., McNamara B. R., Broderick A. E., 2015,
MNRAS, 451, 588

Ryan B. R., Ressler S. M., Dolence J. C., Tchekhovskoy A., Gammie C.,
Quataert E., 2017, ApJ, 844,1.24

Rézaniska A., Czerny B., Zycki P. T., Pojmarniski G., 1999, MNRAS, 305, 481

Sala L., Cenci E., Capelo P. R., Lupi A., Dotti M., 2021, MNRAS, 500, 4788

Schaye J. et al., 2015, MNRAS, 446, 521

Sesana A., Barausse E., Dotti M., Rossi E. M., 2014, ApJ, 794, 104

Unified AGN model for galaxy formation 87

Shakura N. I, Sunyaev R. A., 1973, A&A, 24, 337

Shen X., Hopkins P. F.,, Faucher-Giguére C.-A., Alexander D. M., Richards
G. T., Ross N. P, Hickox R. C., 2020, MNRAS, 495, 3252

Sijacki D., Vogelsberger M., Genel S., Springel V., Torrey P., Snyder G. F.,
Nelson D., Hernquist L., 2015, MNRAS, 452, 575

Siwek M., Weinberger R., Muiioz D. J., Hernquist L., 2023a, MNRAS, 518,
5059

Siwek M., Weinberger R., Hernquist L., 2023b, MNRAS, 522, 2707

Somerville R. S., Davé R., 2015, ARA&A, 53, 51

Stachenfeld K. et al., 2021, preprint (arXiv:2112.15275)

Steinle N., Gerosa D., 2023, MNRAS, 519, 5031

Su K.-Y. et al., 2021, MNRAS, 507, 175

Sadowski A., Gaspari M., 2017, MNRAS, 468, 1398

Sadowski A., Narayan R., Penna R., Zhu Y., 2013, MNRAS, 436, 3856

Sadowski A., Lasota J.-P., Abramowicz M. A., Narayan R., 2016, MNRAS,
456, 3915

Talbot R. Y., Bourne M. A., Sijacki D., 2021, MNRAS, 504, 3619

Talbot R. Y., Sijacki D., Bourne M. A., 2022, MNRAS, 514, 4535

Talbot R. Y., Sijacki D., Bourne M. A., 2024, MNRAS, 528, 5432

Tarténas M., Zubovas K., 2022, MNRAS, 516, 2522

Tchekhovskoy A., Narayan R., McKinney J. C., 2010, ApJ, 711, 50

Tchekhovskoy A., McKinney J. C., Narayan R., 2012, J. Phys.: Conf. Ser.,
372, 012040

Trump J. R. et al., 2011, ApJ, 733, 60

Turner S. G. D., Reynolds C. S., 2023, MNRAS, 525, 2287

Ubler H. et al., 2023, A&A, 677, A145

Ubler H. et al., 2024, MNRAS, 531, 355

Vasudevan R. V., Fabian A. C., 2007, MNRAS, 381, 1235

Verbiest J. P. W. et al., 2016, MNRAS, 458, 1267

Vogelsberger M., Marinacci F., Torrey P., Puchwein E., 2020, Nat. Rev. Phys.,
2,42

Volonteri M., Madau P., Quataert E., Rees M. J., 2005, ApJ, 620, 69

Volonteri M., Sikora M., Lasota J. P., Merloni A., 2013, ApJ, 775, 94

von Fellenberg S. D., Janssen M., Davelaar J., Zajacek M., Britzen S., Falcke
H., Kording E., Ros E., 2023, A&A, 672,L5

Wellons S. et al., 2023, MNRAS, 520, 5394

Xie F.-G., Yuan F,, 2012, MNRAS, 427, 1580

Xu W., 2023, ApJ, 954, 180

YuZ., Yuan F, Ho L. C., 2011, ApJ, 726, 87

Yuan F., Narayan R., 2014, ARA&A, 52, 529

Yuan F,, Bu D., Wu M., 2012, ApJ, 761, 130

Yuan F,, Yoon D., Li Y.-P,, Gan Z.-M., Ho L. C., Guo F., 2018, ApJ, 857, 121

APPENDIX: CND RELAXATION FOR SINGLE
SMBH SIMULATION

Here we present more detailed plots illustrating the evolution of
the cavity for the single SMBH simulations during the refinement
relaxation and once the accretion disc subgrid model is switched
on. Note that we deliberately do not let the cavity fully fill with
gas before activating our model as we are mainly interested in the
low-accretion-rate regime.

Fig. Al shows gas density projections of the cavity during the
refinement relaxation (panels 1-4) and the production run with the
subgrid disc model (panels 4-5). After the refinement model is
activated, several instabilities develop, amplified by cooling from
the CND onto the central region (also see Bennett & Sijacki 2020;
Anglés-Alcéazar et al. 2021). This leads to the formation of spiral arms
and a dense core which then propagates outwards (see third panel).
By the time that the subgrid model is activated (fourth panel), this
overdensity has dissipated. However, during the simulation, the cav-
ity continues to fill with gas leading to a mild increase in inflow rates.

Fig. A2 shows this more quantitatively, plotting the gas density,
cell sizes, sound speed, and azimuthal velocity as a function of radius
during the refinement relaxation phase (green lines) and the subgrid
model simulation phase (purple lines).
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Figure Al. Gas surface density maps during the refinement relaxation (panels 1-4) and the production run with the subgrid disc model (panels 4-5). This
illustrates the creation and dissipation of overdensities and spiral arms during the refinement relaxation phase.

10! T : . . T : T . r

10? 10°} E
o — 10% q o
~ o id —
'y ] £ n o
o w £ w
s g = £
—_ 0 E i
F = E >
o G | & 10! = 101t 1

1':’100’2 10! 10 10t 102 10_120*2 o1 100 Tor 10?2 1010(‘_1*2 o 100 1ot 102 1'3100*2 107 00 10t 102
R [pc] R [pc] R [pc] R [pc]

Figure A2. Gas surface density, cell sizes, sound speed, and azimuthal velocity as a function of radius during the refinement relaxation phase (green lines) and
the subgrid model simulation phase (purple lines).
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